






Polyelectrolyte-Surfactant Phase Behavior and Mechanisms of Interaction  






















Submitted in partial fulfilment of the  
requirements for the degree of 
Doctor of Engineering Science 
in the Fu Foundation School of Engineering 


































All rights reserved  
ABSTRACT 
 
Polyelectrolyte-Surfactant Phase Behavior and Mechanisms of Interaction 





Polymer-Surfactant (P-S) systems and their implications both in industry and academia have 
been studied for the last fifty years. Despite the fact that the majority of synthetic and 
biological systems have a multicomponent nature, most previous studies focused on 
molecular interactions of individual polymers and surfactants in aqueous solutions, at the 
air/water interface or at the solid/water interface. P-S interactions in multicomponent 
systems have not received sufficient attention. Among the important issues that remain 
unresolved, the following are of particular significance: a) lack of information on P-S 
systems phase behavior in the presence of a third component which is widely used in 
industrial applications and of academic interest, b) insufficient quantitative information on 
competitive interactions of all species in the system and uncertainty on how molecules 
conform upon interaction and, c) lack of mathematical models to describe P-S interactions 
in a multicomponent environment.  
 
To address the unresolved issues, a study focusing on the mechanisms of interaction of an 
oppositely charged polyelectrolyte-surfactant (PE-S) pair in the presence of fatty acid (FA) 
was carried out. Experimental results using surface tensiometry, light scattering, zeta 
potential and, nuclear magnetic resonance (NMR) showed that the FA solubility in the 
system determined the overall phase behavior of the multicomponent mixture.  
 
In a system containing FA at a concentration above the solubilization limit of the surfactant, 
FAs form solid aggregates.  Such aggregates were found to possess a considerable negative 
surface charge, consequently, preferential binding of the polycation to FA aggregates was 
observed and the usual tendency of PE-S pair to form a complex was inhibited. These 
results were useful to understand the polyelectrolyte-induced flocculation disruption by FA 
aggregates in emulsions systems. 
 
In a system containing FA at a concentration below the solubilization limit of the surfactant, 
the FA was found to be mostly solubilized forming mixed micelles with the surfactant. 
NMR revealed detailed information on the competitive binding behavior of both the fatty 
acid and the surfactant, including the morphology of aggregates at the polymer chain. 
Furthermore, solid state NMR showed how the structure and composition of the actual PE-S 
complex changed in the presence of FA.  
 
Finally, the law of mass action model is successfully employed to describe the PE-S surface 












Table of Contents 
List of Figures .................................................................................................................... v 
List of Tables .................................................................................................................... xi 
Acknowledgements ......................................................................................................... xii 
Chapter 1.   Introduction ................................................................................................. 1 
Chapter 2.  Hypotheses and Rationale ............................................................................ 7 
Chapter 3. Objectives and Research Plan .................................................................... 11 
3.1 Overall goal ............................................................................................................. 11 
3.2 Objectives ............................................................................................................... 11 
3.3 Research plan and methods ..................................................................................... 12 
3.3.1 Methods for objective 1: Select a PE-S strongly interacting system widely used 
and well understood in literature............................................................................... 12 
3.3.2 Methods for objective 2: To elucidate the mechanisms of competitive 
interaction on a ternary system composed of an oppositely charged PE-S pair and 
FA aggregates. .......................................................................................................... 13 
3.3.3 Methods for objective 3: To study the interactions of the polyelectrolyte, 
surfactant and FA as co-surfactant (system b) at the molecular level ...................... 14 
3.3.4 Methods for objective 4: To Study the impact of FAs in the PE-S complex 
composition and structure ......................................................................................... 15 
3.3.5 Methods for objective 5: To provide a mathematical model that describes the 




Chapter 4.   Competitive Interactions among Fatty Acid Aggregates, Polyelectrolyte 
and Surfactant ................................................................................................................. 17 
4.1 Introduction ............................................................................................................. 17 
4.2 The polyelectrolyte-surfactant-FA aggregates ternary system in aqueous solution 18 
4.2.1 Materials .......................................................................................................... 18 
4.2.2 Methods............................................................................................................ 19 
4.2.3 Results .............................................................................................................. 21 
4.3 Polyelectrolyte-induced flocculation reduction by FA aggregates in emulsion 
systems .......................................................................................................................... 32 
4.3.1 Materials .......................................................................................................... 33 
4.3.2 Methods............................................................................................................ 33 
4.3.3 Results .............................................................................................................. 35 
4.4 Conclusions ............................................................................................................. 40 
Chapter 5.   Polyelectrolyte-Mixed Micelle Aggregation Revealed by NMR 
Spectroscopy .................................................................................................................... 42 
5.1 Introduction ............................................................................................................. 42 
5.2  Materials ................................................................................................................ 43 
5.3  Methods ................................................................................................................. 45 
5.3.1 Sample preparation .......................................................................................... 45 
5.3.2 Dynamic Light Scattering (DLS) ..................................................................... 45 
5.3.3 NMR measurements......................................................................................... 46 




5.4.1 Chemical shifts variations ................................................................................ 49 
5.4.2  T1 relaxation measurements ............................................................................ 55 
5.4.3  Nuclear Overhauser Effect SpectroscopY (NOESY) ..................................... 63 
5.4.4 Concentration analysis ..................................................................................... 68 
5.5 Summary of results ................................................................................................. 75 
Chapter 6.   Composition and Structure of Polyelectrolyte-Surfactant Complexes in 
the Presence of Fatty Acids Revealed by Solid State NMR and Cryo-SEM ............. 76 
6.1 Introduction ............................................................................................................. 76 
6.2 Materials and methods ............................................................................................ 77 
6.2.1 Materials .......................................................................................................... 77 
6.2.2 Sample preparation .......................................................................................... 77 
6.2.3 NMR ................................................................................................................ 78 
6.2.4 Cryo-SEM ........................................................................................................ 78 
6.3 Results and discussion ............................................................................................ 79 
6.3.1 Composition of the insoluble complexes ......................................................... 79 
6.3.2 The complex macroscopic structure observed using Cryo-SEM ..................... 84 
6.4 Conclusions ............................................................................................................. 86 
Chapter 7.   Mathematical Model to Describe the Surface Tension of PE-S Systems 
in the Presence of a Third Component ......................................................................... 88 
7.1 Introduction ............................................................................................................. 88 
7.2 The law of mass action, the Gibbs equation and the Langmuir Isotherm to describe 




7.3 Parameter estimation and justification for the Jaguar-SDES system ................... 100 
7.4 Extension of the model to include a third component .......................................... 104 
7.5 Discussion ............................................................................................................. 108 
Chapter 8.   Summary and Conclusions ..................................................................... 110 
Chapter 9.   Suggestions for Future Research ............................................................ 113 














List of Figures 
Figure 1 Typical surface tension profile observed for some PE-S systems ........................ 3 
 
Figure 2 Schematic representation of the polymer-mixed cationic surfactant interactions 
by Tajik et. al ...................................................................................................................... 4 
 
Figure 3 Schematic representation of all species in a PE-S system. Due to structural 
complexity, the PE-S complex in precipitate state is not represented in the figure ............ 8 
 
Figure 4 Schematic representation of all species in a PE-S system with FA at a 
concentration above the solubilization limit of the surfactant (system a) .......................... 9 
 
Figure 5 Schematic representation of all species in a PE-S system with FA at a 
concentration below the solubilization limit of the surfactant (system b) .......................... 9 
 
Figure 6 (a) Guar polymer grafted with hydroxypropyl trimethyl ammonium chloride, (b) 
sodium dodecylethersulfate (SDES) and (c) saturated fatty acids .................................... 19 
 
Figure 7 Surface tension curves (mN/m) for SDES aqueous solution vs. SDES 
concentration without () and with (■) 0.1w. % Jaguar polymer. Uncertainty is within 




Figure 8 Surface tension curves (mN/m) of SDES/LA aqueous solution at 4:1 molar ratio 
vs. SDES/LA concentration without () and with (▲) 0.1 w. % Jaguar polymer. 
Uncertainty is within the size of the symbols used. .......................................................... 24 
 
Figure 9 Surface tension curves (mN/m) of SDES/LA aqueous solution at 1.33:1 molar 
ratio vs. SDES/LA concentration without () and with (∆) 0.1 w. % Jaguar polymer. 
Uncertainty is within the size of the symbols used. .......................................................... 25 
 
Figure 10 (a) Size distribution of 0.1 weight % polyelectrolyte solution, (b to h solid line) 
100mM of SDES in the presence of LA from 0 to 55mM and, (b to h dotted line) 100mM 
of SDES with increased amounts of LA from 0 to 55mM in the presence of 0.1% weight 
of Jaguar polymer. ............................................................................................................ 29 
 
Figure 11 Zeta potential of SDES micelles with increasing amounts of LA. Note that LA 
aggregates form after 35 mM of LA. Black data points are the average values of those in 
grey. .................................................................................................................................. 31 
 
Figure 12 Average size distribution of flocs formed upon dilution of emulsions 
containing lauric acid, myristic acid and palmitic acid..................................................... 36 
 
Figure 13 Polymer-induced flocs formed after diluting the emulsion 50 times for the 




Figure 14 Viscosity (mPa s) of the emulsion containing increasing amounts of fatty acids 
(left axis) and average size (µm) of flocs after dilution of emulsion to 50 times (right 
axis) ................................................................................................................................... 40 
 
Figure 15 Molecular structures of the Jaguar polymer, LA and SDES. The protons are 




H spectra of 50 mM SDES / 12.5 mM LA (top) and 0.79 mM SDES / 0.2 mM 
LA / 0.1w. % polymer (bottom) in D2O solution at 300 K. The HDO peak increases in 
width and intensity when polymer is present due to increased viscosity and some SDES 




C HSQC and 




H chemical shifts of SDES (S7-15) in D2O solution with (□) and without (■) 
LA, and 
1
H chemical shifts of the LA L2 resonance (■) in a SDES/LA D2O solution. 




H chemical shift variations of SDES (S7-15) in 0.1 w. %  of polymer with 
() and without () LA. The chemical shifts are recorded in D2O at 300K. All solutions 
containing LA have an SDES:LA 4:1 molar ratio. Uncertainty is within the size of the 







H chemical shift variations of LA L2 protons in D2O in the presence of SDES 
(▲) and in the presence of SDES and 0.1 w. % polymer solution (∆). ............................ 54 
 
Figure 20 Average hydrodynamic diameter for all species in a sample containing 0.1% 
weight polymer and an SDES/LA mixture at a concentration below the S1’ onset. By 
intensity (left) and volume (right). .................................................................................... 55 
 
Figure 21 T1 as a function of SDES concentration for the S7-15 SDES resonance in the 
SDES/polymer system (□) and in the SDES/LA/Polymer (■) system ............................. 59 
 
Figure 22 T1 as a function of SDES concentration for the polymer side chain resonance in 
the SDES/polymer system () and in the SDES/LA/Polymer (●) system ...................... 60 
 
Figure 23 T1 as a function of SDES concentration for the LA L2 resonance, in the 
SDES/LA/Polymer (▲), and SDES/LA (▲) system. ...................................................... 61 
 
Figure 24 NOESY spectrum of the SDES/LA in 0.1 w. %  polymer in D2O well above 
S2. ..................................................................................................................................... 64 
 
Figure 25 NOESY spectrum of the SDES/LA in 0.1 w. % polymer in D2O below S2. 
Both spectra are recorded under similar experimental conditions and displayed with 





Figure 26 Schematic representation of a section of the SDES micelles with incorporated 
LA ..................................................................................................................................... 67 
 
Figure 27 Total SDES concentration versus the ratio [supernatant]:[total] for the three 
components of the polymer/SDES/LA sample ................................................................. 70 
 
Figure 28 Total SDES concentration versus the ratio [supernatant]:[total] for the three 
components of the polymer/SDES sample ....................................................................... 71 
 
Figure 29 Schematic representation of the Jaguar polymer side chain between S1 and S3. 
The proximity between the SDES tail and polymer side-chain and the lamellar SDES 
structure is indicated, as well as the position of LA in the palisade layer of the SDES 
micelle. For a better visual effect, the polymer chains are amplified in this figure (see the 
DLS data for the actual size distribution of polymer and LA aggregates in Figure 20). .. 74 
 
Figure 30 Right; 
1
H NMR spectra of the bulk solutions, with spectral assignment shown 
in the top spectrum (see Figure 16 for description of peak labels). Left; 
1
H MAS NMR 
spectra of the corresponding precipitates recorded at 6 kHz MAS spinning rate using 
15000 accumulated scans. The intensities of the spectra are set by keeping the water 
proton resonance intensity similar in all spectra; hence, variation in signal intensities 
reflect variation in H2O:(SDES/polymer/LA) mole ratios. SDES and LA bulk 
concentrations are indicated in the figure. The polymer bulk concentration is constant at 




Figure 31 SDES:polymer side-chain (■), LA:polymer side-chain (▲), 
(SDES+LA):polymer side-chain (●) ratios of the insoluble complexes formed in the 
SDES/LA/polymer samples at different SDES concentrations. Also included are the 
SDES:polymer side-chain () ratios of the insoluble complexes formed in the 
SDES/polymer samples. The CMC’ is indicated in the plots. .......................................... 81 
 
Figure 32 Water:polymer side-chain ratios with () and without (□) LA ....................... 82 
 
Figure 33 Cryo-SEM images at two different scales of the complexes below (A) and 
above (B) CMC’, without (1, 2) and with (3, 4) LA. ........................................................ 85 
 
Figure 34 Components described in the model................................................................. 97 
 
Figure 35 Surface tension profile for Bell’s system ......................................................... 99 
 
Figure 36 Surface tension profile for the Jaguar-SDES system. Parameters: N = 75, M = 




, γ0 = 72.8 mN m
-1
 




. The polymer concentration was 0.0055 mM corresponding to 0.1 
weight % of polymer. ...................................................................................................... 103 
 
Figure 37 Surface tension profile for the Jaguar-SDES system considering the presence of 





List of Tables 
 
Table 1. Composition of emulsions ……………………………………………………  34 
Table 2.  Concentration (mM) of SDES and fatty acid in the emulsions, SDES:fatty acid 





















The financial support is partially from the National Science Foundation (NSF) under 
Grant No. 0749481 and by the industry members of the NSF I/UCRC Center for 
Particulates and Surfactant Systems (CPaSS) at Columbia University.  
 
The cryo-SEM data collected at New York Structural Biology Center was made possible 
by a grant from NYSTAR. The investigation was conducted in a facility constructed with 
support from Research facilities Improvement Program Grant number C06 RR017528-
01-CEM from the National Center for Research Resources, National Institutes of Health. 
The dual beam scanning electron microscope was purchased with funds from NIH grant 
S10RR029300. 
 
All NMR experiments were carried in collaboration with Dr. Christian Totland in 
University of Bergen (Norway). 
 
I would like to acknowledge the following colleagues for their support and help with this 
research:  Ananthapadmanabhan, K. P (Unilever), R. Farinato (Cytec), all CPASS 
industrial members, CPASS colleagues from Columbia, Linda Rhein, Ray Rigoletto, 
Linda Foltis, Solomon Wossene, Roger McMullen, Lara Ahad, Diana Urena, Raymond 












This thesis is dedicated to my mother  
Estrella Santiago Fernandez for her love and support and   
in loving memory of my sister Salud Martinez Santiago  
 
 
Special thanks to: 
Henning Hegland for the love and the encouragement, 
friends and family, 
the Hegland family for their continuous support, and 





Chapter 1.   Introduction 
 
 
The mechanisms of interaction between macromolecules and surfactants and their 
implications in industrial processes have been studied and reviewed for more than five 
decades [1-9]. The development of new polymers and surfactants in recent years provides 
an endless number of possible variations and requires an understanding of the molecular 
parameters that could be controlled for their effective use in modern industrial 
applications.  Despite the fact that most systems are multicomponent mixtures, most 
fundamental studies focused on molecular interactions of individual polymers and 
surfactants in aqueous solution, at the air-water interface or at the solid/water interface. 
However, isolated polymer-surfactant (P-S) mixtures rarely exist; most synthetic and 
biological systems include other components that may affect the interactions of the P-S 
pair.  
 
When a third component is added to a P-S system, and considering the interaction among 
all species, various scenarios can be expected [10]: (i) the P-S pair interacts strongly and 
the third component is charged, (ii) the P-S pair interacts strongly and the third 
component is non-charged, (iii) the P-S pair interacts weakly and the third component is 
charged, and (iv), the P-S pair interacts weakly and the third component is non-charged. 
Typically, case (i) corresponds to the interaction of a polyelectrolyte (PE) and a 
surfactant bearing opposite charges where aggregation in the bulk is electrostatically 
driven. The surface charge of the third component generally determines whether it 




may interact with the third component induced by a charged surfactant or vice versa; this 
process is called shuttling [11]. Scenario (ii) studies are similar to scenario (i), with the 
exception that the third component is uncharged, hence hydrophobic interactions are 
dominant. Shuttling can take place in this case also.  In scenario (iii), the polymer 
(usually not charged) and the surfactant do not interact or form aggregates, and only one 
of them has affinity for the third component. In scenario (iv), the polymer and the 
surfactant do not form aggregates, and both have affinity for the third component. In this 
case, there will be a competition for interacting with the third specie. Due to the 
importance and presence of PE-S systems in many industrial applications, this study 
focus on case i) and ii) scenarios.  
 
For oppositely charged PE-S pairs (scenario i and ii), it is interesting to examine the 
phase behavior in aqueous solution. One of the primary properties of mixtures of PEs and 
oppositely charged surfactants is their tendency to form insoluble complexes [12]. 
Several studies have shown that if stoichiometric amounts (based on charge equivalence) 
of PE and oppositely charged surfactant are mixed, a precipitate (complex) of the PE-S 
system can be expected. Among other experimental techniques, surface tension can be 
used to examine the phase behavior of oppositely charged PE-S systems. Typically, three 
stages (S) are identified when adding various amounts of surfactant to an oppositely 
charged polymer solution [4] (Figure 1): S1: at a known critical aggregation 
concentration (CAC), the surfactant cooperatively binds to the weakly surface active 
polymer, which is transformed into a much more hydrophobic entity or complex. At 




region). At S1’, the polymer is entirely neutralized and a phase separation (complex 
precipitation) is typically observed. Finally, at concentrations above S2 or critical micelle 
concentration (CMC’, prime indicates the presence of polymer), in the presence of an 
excess of surfactant, the PE-S complex is soluble and the surface tension at this point is 













Figure 1 Typical surface tension profile observed for some PE-S systems 
 
 
Due to the complexity of PE-S systems, literature in which the effect of a third 
component is evaluated is scarce; recent studies focus on molecular interactions in the 
presence of solid surfaces such as mica, alumina, [13-16] and silica particles [17-21] or, 
at the air/water interface. [9] Other recent studies deal with the effect of salt, [22-25] an 
CAC 
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additional polymer or protein or a mixture of surfactants. [26-31]  
Most studies provided useful qualitative information at the macroscopic level to aid in 
understanding a particular system for a particular application. Liu et al. [32] constructed 
binding isotherms simulated by an ideal mixing and an ideal cooperative binding model. 
However, the modeled binding isotherms were not useful for predicting systems 
containing binary surfactant mixtures. Tajik et. al [30] provided an interaction model for 
a polymer and a mixture of cationic surfactants (Figure 2).  
 
 
Figure 2 Schematic representation of the polymer-mixed cationic surfactant interactions 
by Tajik et. al 
 
 
The model aimed to predict how surfactants with different size head groups interacted at 
the polymer chain (in this case uncharged), but did not provide information on 
competitive interaction (such as which of the two surfactants has more affinity for the 
polymer), and most importantly, it did not clarify how the surfactants conformed at the 






From the review of the relevant literature, it is obvious that PE-S systems have not 
received sufficient attention with respect to their interaction in a multicomponent 
environment. Among the important issues that remain unresolved, the following are of 
particular significance: 
 
a. Insufficient quantitative information on competitive interaction of all species in the 
system and uncertainty on how molecules conform at the polymer surface upon 
interaction  
 
b. Lack of understanding on the structure and the composition of PE-S complexes formed 
in a multicomponent system.  
 
c. Lack of mathematical models to express the phase behavior of PE-S systems in the 
presence of a third or more components.  
 
Clearly, PE-S systems deviate from their usual behavior when other components are 
present and is the need to understand such behavior what motivated the research in this 
study.   
 
To address these unresolved issues, the mechanisms of interaction and phase behavior of 
a PE-S pair in the presence of fatty acid (FA) is examined in detail. The multi-factor 
solubility dependence of FAs in aqueous solution and their abundance in synthetic and 




possess a pH and concentration-dependent water solubility; at pH well below their pKa, 
FAs exist in solid aggregates form and, at a pH well above their pKa, FAs ionize and 
behave like surfactants. In surfactant solutions, the FA solubility depends on the 
surfactant type and how much surfactant is present. In this research we study two 
different PE-S-FA ternary systems:  (a) a system containing FA at a concentration well 
above the solubilization limit of the surfactant to ensure the presence of insoluble FA 
solid aggregates and, (b) a system containing FA at a concentration well below the 
solubilization limit of the surfactant so the effect of the FA as a co-surfactant can be 
studied.    
 
This dissertation is organized as follows: in Chapter 2, a summary of hypotheses and 
rationale is presented; in Chapter 3, the objectives and the research plan are introduced. 
Chapter 4, focuses on the competitive interaction of the PE-S-FA aggregates (system a); 
we applied the findings in this section to explain the polymer-induced flocculation 
disruption by FA aggregates in emulsion systems. In Chapter 5, 
1
H Nuclear Magnetic 
Resonance (NMR) spectroscopy was used to elucidate the phase behavior of PE and S-
FA mixed micelles (system b). In Chapter 6, the composition and structural transitions of 
PE-S complexes in the presence of FA are examined using solid state NMR and Cryo-
SEM. In Chapter 7, the law of mass action, the Langmuir Isotherm and the Gibbs 
adsorption equation are used to model the surface tension of PE-S systems in the 
presence of FAs. The main contributions of this work are summarized in Chapter 8 and 




Chapter 2.  Hypotheses and Rationale  
 
The phase behavior of polyelectrolyte-surfactant-fatty acid (PE-S-FA) ternary mixtures 
has not been previously studied but we hypothesize that the FA solubility (physical state) 
in the system determines the formation of a PE-S complex.  
 
As mentioned in the previous section, two different scenarios are evaluated: 
 
(a) System with FA at a concentration above the solubilization limit of the surfactant:  
 
Hypothesis: it is hypothesized that the FA will form solid aggregates which will induce 
competitive interactions among the PE, surfactant and FA aggregates. We predict 
competition between FA aggregates and the surfactant for interaction with the PE. 
Adsorption of the polymer to FA aggregates will prevent PE-S complexation.   
 
(b) System with FA at a concentration below the solubilization limit of the surfactant: 
 
Hypothesis: It is hypothesized that the FA is solubilized by the surfactant forming mixed 
micelles, which will lead to changes in the CAC and CMC but will not prevent PE-S 
complexation. Furthermore, it hypothesized that FAs will change the composition and 






Considering the well accepted necklace model for PE-S systems, a schematic 
representation of all species present in a PE-S system is shown in Figures 3. A schematic 
representation of the hypotheses outlined above is shown in Figure 4 and 5. Figure 4 
(systems a), shows a system containing high amounts of FA in which, as we 
hypothesized, solid aggregates are present and, in Figure 5 (system b), we show how FAs 





Figure 3 Schematic representation of all species in a PE-S system. Due to structural 










Figure 4 Schematic representation of all species in a PE-S system with FA at a 




Figure 5 Schematic representation of all species in a PE-S system with FA at a 




A few questions arise after examining Figures 4 and 5; in the presence of FA aggregates 
(Figure 4), what is the actual competitive scenario of all species in the system? We 
hypothesize that the polymer will bind to FA aggregates but, what is the nature of such 
interaction? Also, will PE-S complexation occur in the presence of FA aggregates? In the 
case of S-FA mixed micelle formation (Figure 5), we hypothesize that FAs will interact 
with the polymer through S-FA micelles; however, will FAs interact with the polymer 
below CMC’? And, how would the S-FA mixed micelle affect the PE-S complexation? 
Finally, if PE-S complexation occurs in system b, how much FA will be present in the 
actual complex?  
 
To address the questions above and the general lack of information on the behavior of 
PE-S systems in a multicomponent environment, we attempt to test our hypotheses 

















Chapter 3. Objectives and Research Plan 
 
 
3.1 Overall Goal 
 
To elucidate the mechanisms of interaction of oppositely charged PE-S pairs in a 
multicomponent system and demonstrate their phase behavior susceptibility to 
competitive interactions in such system. In addition, this project aims to provide a 
mathematical model that describes the phase behavior of the multicomponent system in 




1. To select a PE-S system widely used and well understood in literature where the 
polyelectrolyte and the surfactant bear opposite charges.  
 
2. To elucidate the mechanisms of competitive interaction of the selected PE-S pair in the 
presence of FA aggregates (system a) and to evaluate the impact of such interactions in 
emulsion systems 
 
3. To study the interactions of the polyelectrolyte, surfactant and FA as co-surfactant 
(system b) at the molecular level 
 





5. To provide a mathematical model that describes the phase behavior of PE-S system in 
the presence of a third component 
 
3.3 Research plan and methods  
 
3.3.1 Methods for objective 1: Select a PE-S strongly interacting system widely used 
and well understood in literature.  
 
The system selected is the oppositely charged PE-S pair composed of guar polymer 
grafted with hydroxypropyl trimethyl ammonium chloride (Jaguar C13 BF polymer) and 
sodium dodecylethersulfate (SDES) surfactant. Guar polymer is a polysaccharide 
consisting of a mannose backbone with galactose side groups obtained primarily from the 
ground endosperm of guar beans. Guar polymer synthesis, industrial uses [33] and its 
interaction with surfactants, have been extensively studied in the past. [34-36] SDES is 
an anionic surfactant selected in this study because its availability and use in several 
industrial applications. Dodecanoic (lauric) acid (LA) was selected as the third 
component; LA is a saturated fatty acid with a 12-carbon atom chain, thus falling into the 
medium chain fatty acids. It is obtained from fractional distillation of mixed coconut oil 







3.3.2 Methods for objective 2: To elucidate the mechanisms of competitive 
interaction on a ternary system composed of an oppositely charged PE-S pair and 
FA aggregates.  
 
To determine the stages of interaction of the system selected, the phase behavior of the 
PE solution as function of SDES/LA concentration was evaluated for system a and b 
using surface tensiometry. Surface tensiometry provides important information on the 
stages of interaction; as seen in Figure 1, the CAC, polymer saturation point, precipitation 
region and CMC can be easily extracted from the surface tension curves. To gain 
information on the surface charge of all species and determine the nature of interaction 
among the PE, SDES and LA aggregates, zeta potential was employed. Dynamic light 
scattering (DLS) was used to measure the size of the species in the system at different 
stages of interaction. Results and discussion for this section are presented in Chapter 4.  
 
3.3.2.1 Methods to evaluate the impact of such competitive interactions in emulsions 
 
 
Preliminary results showed how the competitive adsorption of FAs in PE-S systems has a 
significant impact in emulsions in which flocculation is induced by the PEs. PE-induced 
flocculation, [37-39] is widely used in various industrial processes and in all cases, the 
size of flocs formed during the process is critical and defines the efficiency of 
flocculation. For emulsions containing PEs like cationic guar, flocculation can be induced 
simply by diluting the emulsion. The flocs formed can be used then as a delivery system 
for certain applications. An emulsion was formulated containing the selected PE-S pair 




on flocculation was then studied by measuring the floc size as function of FA type and 
concentration using image analysis and viscometry. The presence of insoluble FA 
aggregates was then related to flocculation disruption. The results are discussed in section 
4.3. 
 
3.3.3 Methods for objective 3: To study the interactions of the polyelectrolyte, 
surfactant and FA as co-surfactant (system b) at the molecular level 
 
To study the interaction mechanisms of the PE and S-FA mixed micelles, (system b), 
nuclear magnetic resonance (NMR) was employed. Due to the multicomponent nature of 
the ternary system, it was anticipated that the resonances of the various molecular 
components would overlap; nonetheless, the technique was successfully used and, 
revealed detailed information on the mechanisms of interaction of the ternary system. In 
NMR, variations in 
1
H chemical shifts reflect changes in the electronic density near the 
hydrogen nucleus and are therefore useful for observing changes in the chemical 
environment around a molecule. Also, NMR spin-lattice relaxation (T1) is frequently used 
to monitor dynamical properties of molecules in liquid solution due to the high sensitivity 
of the dipolar relaxation mechanism to molecular mobility. T1 relaxation is affected by 
fast molecular motions and hence reflects local motions of a molecule, rather than, for 
example, the motion of an aggregated group of molecules such as a micelle or a PE-S 
complex. Therefore, in non-reactive multi-molecular systems, a decrease in T1 relaxation 
values  for a molecule is normally associated with binding, adsorption, or proximity to 




Nuclear Overhauser Effect Spectroscopy (NOESY), the NOESY experiment is useful for 
determining which molecular segments are close to each other in space; protons (both of 
different molecules and within the same molecule) closer than about 5Å will result in an 
off-diagonal cross-peak in the two-dimensional NOESY spectrum. Here, the NOESY 
experiment was used to investigate how SDES interacts with the polymer, the effect of 
LA in the system, and the structure of SDES aggregates at the polymer chain. The NMR 
results and discussion are presented in Chapter 5.  
 
3.3.4 Methods for objective 4: To Study the impact of FAs in the PE-S complex 
composition and structure 
 
No other previous studies focus on the effect of having a third component in the 
composition and structure of the actual PE-S complex. In this study, 
1
H Magic Angle 
Spinning (MAS) NMR was employed to study the complex molecular composition while 
Cryo-SEM microscopy was used to look at the matrix structure.  
 
3.3.5 Methods for objective 5: To provide a mathematical model that describes the 
surface tension profile of the PE-S system in the presence of fatty acid 
 
A model developed by Bell et. al, [56] quantifies the competition between PE-S 
aggregation vs. free surfactant micelle formation using the law of mass action, the 
Langmuir Isotherm and the Gibbs adsorption equation. The resulting model was useful to 




consider the effect of a third component and was tested by comparing its outcome to the 






















Chapter 4.   Competitive Interactions 
among Fatty Acid Aggregates, 
Polyelectrolyte and Surfactant  
 
Reproduced in part with permission from: [Martinez-Santiago, J.; Ananthapadmanabhan, K. P.; Tsaur, L.; 
Totland, C.; Somasundaran, P. Effects of Fatty Acids on Polyelectrolyte-Surfactant Interactions. 
Implications for Polymer-Induced Flocculation/Dispersion in Emulsion Systems. Colloids Surf., A 2014, 
461, 57-65] Copyright 2014  Elsevier  
 
 
4.1 Introduction  
 
In this chapter, the competitive interactions among lauric acid (LA) aggregates, the 
polyelectrolyte (PE) (Jaguar polymer) and the surfactant (SDES) in aqueous solution are 
experimentally investigated (system a, Figure 4). To ensure the presence of LA 
aggregates in the ternary system, a concentration of LA well above the solubilization 
limit of the surfactant was added. In order to determine the stages of interaction (S1 
(CAC), S1’ and S2 (CMC’)) of the ternary system surface tension curves are plotted and 
shown in section 4.2 (for comparison, surface tension curves for system b are also 
presented in section 4.2). The nature of interactions among LA solid aggregates, the 
polyelectrolyte and the surfactant (LA-PE-SDES) was elucidated using light scattering, 
and zeta potential techniques. It was observed how SDES and LA aggregates compete to 
interact with the polyelectrolyte.  
 
Next, we investigated the impact of such competitive interactions on emulsion 
flocculation. Emulsion flocculation is widely used in many industrial processes and can 
be induced by polyelectrolytes of high molecular weight; the polyelectrolyte acts as a 




flocculation is determined by the size distribution of flocs after dilution. Preliminary 
results showed how bridging flocculation was significantly reduced (smaller flocs were 
formed) by the presence of fatty acids. In section 4.3, we show how the competitive 
interactions among the surfactant, the polyelectrolyte and FA aggregates are responsible 
for the flocculation reduction in a petrolatum oil emulsion.  
 




The polymer used was the hydrophilic polyelectrolyte guar grafted with hydroxypropyl 
trimethyl ammonium chloride (Jaguar C13S BF) (Figure 6a). It was supplied by Rhodia 
Inc. Its molecular weight is 1.8 X 10
6 
g/mol and the nitrogen content ranges between 1.3 
and 1.6%. It was purified using centrifugation at 7000 rpm for 30 min in order to remove 
water-insoluble materials and proteins. The resulting concentration of purified polymer 
was then measured using a moisture analyzer.  
 
The anionic surfactant used was sodium dodecylethersulfate (SDES) (Figure 6b) with one 
ethylene oxide group from Stepan Co. (STEOL CS-170) (70% solution in water). Its 
molecular mass is 332.4 g/mol. The critical micellation concentration (CMC) of SDES is 
~0.78 mM which was determined by surface tensiometry and is similar to other results 
found in literature [40].  
The following saturated fatty acid (Figure 6c) was used: lauric (dodecanoic) acid (LA), 





Figure 6 (a) Guar polymer grafted with hydroxypropyl trimethyl ammonium chloride, (b) 





4.2.2.1 Sample preparation  
The solutions were prepared with deionized water (Milli-Q purification system, Millipore, 
USA) with specific resistivity of ~18.0  x 10
6
 Ohm cm.  
 
For the polyelectrolyte-surfactant solutions, 0.1% weight polymer was first stirred in 
water with the help of an overhead mixer. To improve hydration, the pH was increased to 
9.0 by adding approximately 4.5 x 10
-2
 mols of sodium hydroxide (NaOH) (10% weight 
solution made of NaOH pallets from Sigma Aldrich >98%). After mixing for 10 min, the 
pH was decreased to 6.5 by adding approximately 3.9 x 10
-3
 mols of citric acid (35% 
weight solution of citric acid from Sigma Aldrich >99%). The surfactant was added to the 
polymer solution at different concentrations and the surface tension was measured. In the 




surface tension of the supernatant was measured. When adding LA, it was premixed with 
the surfactant solution; the mixture was then heated to 65 °C, stirred for 15 min, and 
cooled down to room temperature while stirring (LA melting point is 43.2 ºC). The 
SDES/LA mixture was then added to the polymer solution at the required concentration. 
The pH of samples varied slightly depending on the SDES/LA amount added. It was 
always between 6.3 and 6.5.  
 
4.2.2.2 Surface Tension 
 
Surface tension measurements were performed using an Attension Force tensiometer 
model Sigma 701 (Helsinki, Finland) employing the Wilhelmy plate method. Surface 
tension γ (mN/m) is proportional to the measured force (F), contact angle between the 
liquid and the plate and the wetted perimeter (l) of the plate used: 
 
                                                       𝛾 =
𝐹
𝑙 𝑐𝑜𝑠𝜃
                                                                (1) 
 
The plate was cleaned by washing with distilled water followed by heating in an alcohol 
flame. All surface tension values reported here are mean quantities of at least three 
measurements performed at room temperature. The standard deviation never deviated 
more than ±1.2% from the mean. The precision of the surface tension apparatus was 0.1  





4.2.2.3 Size distribution and zeta potential measurements 
 
Zeta potential was measured by laser doppler anemometry using a Zetasizer Nano ZS 
instrument (Malvern). Samples were placed in cells of 1.5 ml volume equipped with two 
electrodes. Particle mobility in the electric field was measured with the Zetasizer by 
recording the phase shift of an incident laser beam and then was converted to zeta 
potential by the Zetasizer software. The average hydrodynamic diameter of particles was 
measured by dynamic light scattering (DLS) using the same Zetasizer instrument. 
Zetasizer detected the intensity of backscattered photons at a 173° angle from an incident 
4 mW He-Ne (633 nm) laser over a time interval of 10 seconds, using a sample time (τ) 
of 0.5 microseconds. The hydrodynamic diameter was then extracted from the light 




Results for the surface tension of the PE solution as a function of SDES concentration are 
shown in Figure 7. The concentrations of PE and SDES are selected stoichiometrically 
based on charge-charge equivalence to ensure complete neutralization of the polymer by 
SDES within such concentration range. Similar data is found in literature for sodium 
dodecylsulfate (SDS) and other polymers [42-44]. In Figure 7 (♦), for SDES a surface 
tension minimum is observed at ~1.5 mM most likely due to impurities. In the presence 
of the PE (■), four regions are observed: (i) below S1 or the Critical Aggregation 
Concentration (CAC), there is no binding of the surfactant to the polymer; the surfactant 




surfactant binds cooperatively to the polymer to form aggregates and the surface tension 
does not change (plateau), (iii); above the polymer chain saturation point or S1’, where 
full charge equivalence is reached, a phase separation is observed resulting in one 
polymer-poor and one polymer-rich phase or complex. At this point, the surfactant 
accumulates at the air-water interface lowering the surface tension further. Finally, (iv); 
above S2, with increased amounts of surfactant, micelles form in the bulk and, with a 
system dominated by SDES micelles, the system consist in one phase of polymer 
complexes solubilized by SDES micelles. At this point, the surface tension is equal to the 























Figure 7 Surface tension curves (mN/m) for SDES aqueous solution vs. SDES 
concentration without () and with (■) 0.1w. % Jaguar polymer. Uncertainty is within 































Polymer chain saturation point (S1') 









Figure 8 Surface tension curves (mN/m) of SDES/LA aqueous solution at 4:1 molar ratio 
vs. SDES/LA concentration without () and with (▲) 0.1 w. % Jaguar polymer. 
Uncertainty is within the size of the symbols used. 
 






































Figure 9 Surface tension curves (mN/m) of SDES/LA aqueous solution at 1.33:1 molar 
ratio vs. SDES/LA concentration without () and with (∆) 0.1 w. % Jaguar polymer. 









































Surface tension curves are shown in Figure 8 for the same polymer solution vs. SDES/LA 
mixture concentration at a molar ratio of 4:1. The SDES/LA mixture is clear, which 
indicates that the LA is below the solubilization limit of SDES which is at SDES:LA 
molar ratio of 2,85:1 [40]. A marked difference is observed when comparing the surface 
tension of polymer-free solutions in Figures 7 and 8. Both SDES and the SDES/LA 
mixture reached the CMC at a similar value (~0.78mM), but at a significantly different 
surface tension. In the case of SDES, the surface tension dropped to ~30.53 mN/m, while 
in the SDES/LA mixture, the surface tension reached ~22.92 mN/m. Because of the 
hydrophobic character of LA and possibly a tighter packing at the air-water interface 
compared to SDES monomers, it is anticipated that LA may decrease the surface tension 
to a lower value. In the presence of the polymer Figure 8 (▲), the well-defined four 
regions observed in the case of SDES-polymer solutions are not so sharp when LA is 
present; the CAC is similar to the LA-free system but the surface tension values are lower 
above CAC which indicates that some species accumulate at the interface; the plateau in 
surface tension values observed previously is not observed in the presence of LA. A 
precipitate is observed at the polymer saturation point. Above CMC, we assume that LA 
forms mixed micelles with SDES, thus is incorporated to the polymer-surfactant complex 
above S2. The existence of LA/SDES mixed micelles is further discussed in Chapter 5. 
 
Results for the SDES/LA mixture containing LA above the solubilization limit of SDES 
(SDES:LA molar ratio 1.33:1) are shown in Figure 9 (∆). Under the conditions where LA 
is not solubilized in SDES, solid aggregates form [40]. Surface tension values are lower 




air/water interface. An interesting observation is that a precipitate composed of LA 
aggregates and polymer is observed at concentrations above CAC, CMC’ and beyond. 
The characteristic gel-like PE-S complex is not observed in this case. It is hypothesized 
that at a sufficient LA aggregates concentration, the polymer preferentially binds to the 
LA solid surfaces, as opposed to form a complex with SDES. SDES and LA compete to 
interact with the polyelectrolyte.  
 
To demonstrate that the change in phase behavior is caused by the preferential adsorption 
to LA aggregates to the PE, the size of all species in centrifuged samples of SDES above 
CMC (100mM) containing amounts of LA below and above the solubilization limit, 
which is reported as ~35mM of LA in 100mM of SDES [40] was measured. The 
experiment was then repeated in the presence of 0.1 weight % of polymer. Figure 10a 
shows the size distribution of polymer particulates at 0.1 weight % in aqueous solution, 
which ranged from 19 to 30 nm with two peaks at 21 and 27 nm. Figure 10b shows the 
size distribution of SDES (100mM) in aqueous solution (solid line) and with 0.1% weight 
of polymer (dotted line). The size of SDES micelles in solution ranged from 4.66 to 6.40 
nm, with the majority of micelles being ~5 nm, which is in agreement with the theoretical 
size of SDES spherical micelles. When the polymer is present, polydispersed polymer-
surfactant aggregates were observed, which ranged from 32 to 615 nm, with the majority 
of the aggregate particulates sizing around 150 nm. In the same figure, (c) to (h) plots 
corresponds to the same system in (b) but with increased amounts of LA with no polymer 
(solid line) and with polymer (dotted line). In the polymer-free systems, it was observed 




from (d) onwards we see a peak of larger particulates at (~20nm) indicating the formation 
of larger SDES/LA mixed micelles and/or LA nanoaggregates, and from (f) onwards 
(above the solubilization limit), a third peak indicates the formation of insoluble LA 
aggregates. When studying the mixtures in the presence of the polymer (dotted line), the 
disappearance of the polymer-surfactant aggregates peak from the supernatant in the 
presence of LA aggregates (after the solubilization limit of 35mM) is noticeable. 
Furthermore, a significant increase in the intensity of SDES and SDES/LA mixed 
micelles is observed. It is obvious here that if LA aggregates are present, the polymer 
preferentially binds to the LA aggregates instead of complexing with SDES. 




















Figure 10 (a) Size distribution of 0.1 weight % polyelectrolyte solution, (b to h solid line)  
100mM of SDES in the presence of LA from 0 to 55mM and, (b to h dotted line) 100mM 
of SDES with increased amounts of LA from 0 to 55mM in the presence of 0.1% weight 
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The zeta potential was measured for the same samples in the absence of polymer. Results 
in Figure 11 suggest that at the concentration at which LA aggregates form (samples f to 
h), the zeta potential became significantly more negative compared to the zeta potential 
of SDES/LA mixed micelles (samples b to e). The zeta potential of SDES/LA micelles 
ranged between -20 to -30 mV while samples with LA aggregates showed a zeta potential 
that ranged between -50 and -60 mV. These results suggest that the preferential 
adsorption of the polyelectrolyte to LA aggregates is driven mostly by electrostatic 
forces.  
 
Based on the above results, it can be concluded that in a system containing an oppositely 
charged PE-S pair, the insoluble LA aggregates induce preferential binding of the 
polymer to the LA solid surfaces preventing the phase separation normally observed in 
the FA-free system. 
 
Results for emulsion systems containing the same PE-S pair and FA are discussed in the 

















Figure 11 Zeta potential of SDES micelles with increasing amounts of LA. Note that LA 



























4.3 Polyelectrolyte-induced flocculation reduction by FA aggregates in emulsion 
systems 
 
As mentioned before, flocculation induced by PEs, [37-39] is widely used in various 
industrial processes: in waste water treatment, flocculation and sedimentation is 
employed in the purification of drinking water. Other consumer products in which 
flocculation is a key process includes paper, cheese, and personal care formulations. In all 
cases, the size distribution of flocs formed during the process is critical and defines the 
efficiency of flocculation. In personal care cleansing formulations, oil can be deposited 
on skin or hair fibers using polymers such as Jaguar C13. The polymer induces the 
formation of flocs during the cleanser rinsing stage by bridging oil droplets. Such flocs 
can be deposited on skin or hair by mechanical entrapment if their size is similar to the 
pores on skin or friction ridges on skin or hair fibers. For emulsions containing oil that 
are stabilized by surfactants and polymers, different interfacial scenarios are possible 
depending on the net charge and hydrophobicity of the polymer and the surfactant.  For 
an oppositely charged PE-S pair, it can be expected that the faster-diffusing surfactant 
will facilitate the dispersion of oil droplets by lowering the interfacial tension and that the 
polymer will reinforce the interfacial structure by interacting electrostatically with the 
surfactant. Flocculation through polymer bridging upon dilution occurs when the mean 
end-to-end polymer distance D is approximately equal or larger than the d spacing 
(distance between droplets). The bridging phenomenon is faster when the polymer 
possesses a higher molecular weight. In this section the effect of fatty acids on emulsion 




surfactant, the polyelectrolyte and FA aggregates are responsible for the flocculation 




The PE-S system was the same as the previous section.  
 
The following saturated fatty acids were used: lauric (dodecanoic) acid, >99.5 % from 
Acros Organics; myristic (tetradecanoic) acid, >99.5%, from Acros Organics; palmitic 
(hexadecanoic) acid, 100%, from Cayman Chemical Company, and stearic 
(octadecanoic) acid, 90–95%, from Fluka. All FAs were used as received, without 
additional purification. 
 
Petrolatum was used as the oil phase for emulsions. This semi-solid mixture of 
hydrocarbons (normally higher than 25 carbon chains) was obtained from Panreco 
Company under the commercial name of Snow White USP. Petrolatum is approved by 
the U.S. Food and Drug Administration (FDA) as an over-the-counter (OTC) skin 





4.3.2.1 Sample preparation 
 
The emulsion composition is given in Table 1 and was prepared as follows: the polymer 




solution pH was increased to 9.0 using a 10% weight solution of sodium hydroxide. 
SDES was added rapidly and the mixture was mixed until homogenous, the pH was then 
decreased to 6.5 using a 35% citric acid solution. The mixture was heated to 75ºC and the 
oil phase was added at 80ºC while mixing. The emulsion was cooled down to room 
temperature while mixing. When fatty acids were incorporated to the emulsion, it was 
done at the end at above 65ºC. Phase separation was not observed for any of these 
emulsions. 
 
Table 1. Composition of emulsions 
 
Component % w/w 
Phase A  
Water 38.00 
Jaguar C13 Polymer 0.25 
Phase B  
Water 34.95 






3.3.2.2 Floc size distribution by image analysis 
 
Pictures of floc solutions were taken with the aid of a Nikon optical microscope model  
Optiphot with an inserted camera from Hitachi Denshi model KO-M1U. The size of flocs 
was determined using the Image J software. The area of a known particle in the picture 
was converted to pixels, and pixels of every other particle were converted to size 
(diameter) in microns. All flocs were assumed to be spherical in shape. For a given 







Emulsion viscosity (mPa s) was measured at room temperature using a digital Brookfield 
viscometer equipped with LV spindles. Spindles 2, 3, and 4 were used at a speed of 6 rpm 
and measurements were recorded after 1 minute of rotation.  
 
 
4.3.3 Results  
 
Flocculation of petrolatum oil droplets was induced in an emulsion containing the PE-S 
pair by diluting the emulsion 50 times. It was interesting to observe how flocculation was 
greatly affected by the presence of FAs. Figure 12 shows the size distribution of flocs 
from a diluted emulsion containing FAs of different chain lengths HCn, lauric acid 
(n=12), myristic acid (n=14) and palmitic acid (n=16). In the absence of FAs, flocs up to 
50µm form, when FAs are present flocs are considerably smaller, with a maximum size 
of 20µm. There seems to be a non-linear correlation between fatty acid chain length and 
floc size distribution but is obvious that the larger the chain length the smaller the flocs 















Figure 12 Average size distribution of flocs formed upon dilution of emulsions 
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Figure 13 Polymer-induced flocs formed after diluting the emulsion 50 times for the 










Keeping in mind the molar ratio of SDES to the various FAs (Table 2) and knowing the 
solubilization limits of SDES for the FAs in solution [40], we conclude that SDES 
concentration in the emulsions is not sufficient to solubilize the FAs, hence aggregates 
may be present in all emulsions. SDES also stabilizes the oil droplets which lowers even 
further its solubilization limit for the various FAs in the emulsion. 
 
 
Table 2 Concentration (mM) of SDES and fatty acids in emulsions, SDES:fatty acid 
molar ratio and SDES solubilization limit for every fatty acid. 
 
Fatty acid SDES 
(mM) 







Lauric acid 270 100 2.70:1 2.85:1 
Myristic acid 270 87.7 3.07:1 5.26:1 
Palmitic acid 270 78.1 3.45:1 10:1 
 
 
To verify weather FA aggregates are responsible for the flocculation decrease, floc size 
distribution and viscosity were measured for emulsions containing various FAs below 
and above the SDES solubilization limit (Figure 14). Viscosity results gave a good 
indication of the concentration at which FA aggregates appeared; in all cases, viscosity 
increased at a higher rate above the SDES solubilization limit. At this point, a significant 
drop in floc size was also observed which confirms that the flocculation process is 
diminished by the presence of FA aggregates. It is concluded, as seen in the previous 
section, that the polymer preferentially binds to FAs aggregates, consequently, it is 

































































































Figure 14 Viscosity (mPa s) of the emulsion containing increasing amounts of fatty acids 





In this chapter, the phase behavior of a PE-S-FA ternary system has been discussed. 
Surface tensiometry, light scattering, and zeta potential techniques were used to 
investigate the effects of lauric acid (LA) on the interaction between sodium 
dodecylethersulfate (SDES) and Jaguar C-13 BF polymer as a function of LA 
concentration. When lauric acid (LA) was added at a concentration below the 
solubilization limit of SDES, it was found to form mixed micelles with SDES, hence its 
incorporation to the SDES-polymer complex above the SDES CMC’. However, when LA 
aggregates are present in the system, preferential binding of the polymer to LA 




















































the preferential adsorption of the polycation to the negatively charged FA aggregates was 
driven by electrostatic forces.  
 
The effects of FAs on an emulsion containing the same oppositely charged PE-S pair 
were then investigated. The preferential adsorption of the polymer to various saturated 
FAs was also presumed in the emulsion which prevented the polymer to act as flocculant, 
and consequently, flocs of considerable smaller size were developed upon emulsion 
dilution.  
 
The fact that the preferential binding of the PE to fatty acids is observed in both aqueous 
solution and the emulsion, demonstrates the susceptibility of the PE-S system phase 
behavior to the presence of FAs. This research may aid in understanding the mechanism 
of interactions of the different biological and synthetic complex systems in which PEs, 











Chapter 5.   Polyelectrolyte-Mixed 
Micelle Aggregation Revealed by NMR 
Spectroscopy 
 
Reproduced in part with permission from: [Martinez-Santiago, J.; Totland, C.; Ananthapadmanabhan, K. 
P.; Tsaur, L.; Somasundaran, P. The Nature of Fatty Acid Interaction with a Polyelectrolyte-Surfactant Pair 





5.1 Introduction  
 
In this chapter, the effects of lauric acid (LA) as co-surfactant (system b) on PE-S 
aggregation are discussed using various 
1
H Nuclear Magnetic Resonance (NMR) 
experiments. To ensure solubilization of LA in SDES, a concentration below the 
solubilization limit of the surfactant was added to the ternary system. 
 
A discussed in the introduction, the different stages of interaction among oppositely 
charged PE-S pairs were determined in the past using techniques such as surface 
tensiometry, fluorescent dyes, viscosity and phase behavior, [5] and to some extent, 
NMR. NMR spectroscopy can be applied to monitor chemical shift changes as a function 
of a solution composition and can provide molecular dynamics information, not 
accessible from other techniques, using tools such as NMR spin relaxation and molecular 
self-diffusion studies.[7] For polymer-surfactant systems, NMR has previously shown 
significant potential for deducing the interaction of polymer-surfactant pairs;[45-48] 
however, the vast potential of this analytical technique remains to some extent 





In this chapter the phase behavior of the Jaguar-SDES system in the presence of LA as 
co-surfactant is discussed in detail by analyzing the 
1
H chemical shifts, 
1
H line widths, T1 
relaxation measurement and, Nuclear Overhauser Effect Spectroscopy (NOESY) of some 
molecular components of the system.   
 
In section 5.4.1 and 5.4.2, the chemical shifts and T1 relaxation measurements are 
respectively presented and discussed. In section 5.4.3, Nuclear Overhauser Effect 
Spectroscopy (NOESY) results are shown. In section 5.4.4, we discuss the analysis of the 
1
H resonances in order to obtain the concentration of all components in the system at all 
stages of interaction. A detailed interaction model for the PE-S-FA ternary systems phase 
behavior is presented at the end of the chapter.  
 
5.2  Materials  
 
The same materials used in the study presented in Chapter 4 were used here. All solutions 
were prepared with deuterium oxide (D2O) of 99.8% purity from Cambridge Isotope 
Laboratories, Inc. The materials structures are shown in Figure 15 with the protons 













Figure 15 Molecular structures of the Jaguar polymer, LA and SDES. The protons are 








5.3  Methods  
 
5.3.1 Sample preparation 
 
The polymer-surfactant solutions were prepared by first stirring 0.1% weight polymer 
with D2O with an overhead mixer. The pH was increased above 9.0 using 10% weight 
sodium hydroxide (D2O solution) and after mixing for 10 min, the pH was decreased to 
6.5 with 35% citric acid (D2O solution). Samples containing different amounts of SDES 
polymer were then formulated (always adding the surfactant to the polymer while 
mixing).  When LA was used, it was first mixed with the surfactant; the mixture was 
heated to 65 °C, stirred for 15 min, and cooled down to room temperature while stirring. 
Different amounts of the SDES/LA mixture (at a constant SDES:LA molar ratio of 4:1) 
was then added to the polymer. The pH of the samples varied between 6.3 and 6.5 
depending on the composition. 
 
5.3.2 Dynamic Light Scattering (DLS)  
 
The average hydrodynamic diameter of particles was measured using dynamic light 
scattering anemometry using a Zetasizer Nano ZS instrument (Malvern). The Zetasizer 
detected the intensity of backscattered photons at a 173° angle from an incident 4 mW 
He-Ne (633 nm) laser over a time interval of 10 seconds, using a sample time (τ) of 0.5 
microseconds. The hydrodynamic diameter was then extracted from the light scattering 




5.3.3 NMR measurements 
 
NMR experiments were carried out at 300 K with a Bruker 500 Ultrashield spectrometer 
operating at 500 MHz for protons, except for the NOESY experiments which were 
carried out on a Bruker 600 Ultrashield spectrometer fitted with a cryo-probe for better 
resolution. D2O was used as solvent in all NMR experiments. The 
1
H chemical shifts 
were calibrated internally by setting the water proton resonance to 4.75 ppm. Line widths 
(supporting data) were measured by line shape de-convolution of the respective 
resonances using the Topspin (version 1.3) software.  
 
NOESY: A zero-quantum suppressed pulse scheme was used. Water suppression using 
excitation sculpting with gradients was used due to difficulties in obtaining a sufficiently 
homogeneous field when LA solid aggregates were present, leading to large noise bands 
from the water proton resonance. The mixing time used for the displayed NOESY spectra 
is 0.5 sec. This value was set on the basis of several NOESY spectra recorded with 
variable mixing time between 0.1 and 0.8 sec, and was found to maximize the NOE, 
while at the same time obeying the linear approximation to avoid spin diffusion. This 
value is slightly below the T1 relaxation time of the fastest relaxing molecular component 
measured in the systems. 128 scans were acquired to obtain a resolution with acceptable 








T1 Relaxation: A standard inversion recovery pulse scheme was used. 15 values of the 
delay time, τ, were used in each experiment, varying from 0.001 to 15 sec. The delay 
time between each scan was set to 5 seconds. 
 
5.4 Results and Discussion  
 
Figure 16 shows the 
1
H NMR spectra of an SDES/LA mixture (top) and a 
Polymer/SDES/LA mixture (bottom) with the resonances partly assigned. From Figure 
16 (bottom), it is clear that some polymer 
1
H resonances overlap with the S1-4 
1
H SDES 
resonances. However, the S7-15, S16 and S5-6 SDES resonances, as well as the nitrogen 
bound polymer CH3 (Pcat) and side chain resonances (Psc), do not overlap. Results in this 
study therefore focus mostly on these resonances, with the exception of the Pcat resonance 
which displayed some unfavorable characteristics due to fast spin-rotation about the H3C-
N bond. Furthermore, when LA is present (always at SDES:LA molar ratio 4:1), the L2 
CH2 resonance does not overlap with any SDES or polymer resonances, and this 
resonance is therefore the main focus regarding LA. It should be noted that even though 
the S7-15 and L4-11 resonances overlap, L4-11 only constitutes 20 % of the total signal 
intensity; hence, the chemical shift of this resonance was taken as the S7-15 chemical 












H spectra of 50 mM SDES / 12.5 mM LA (top) and 0.79 mM SDES / 0.2 mM 
LA / 0.1w. % polymer (bottom) in D2O solution at 300 K. The HDO peak increases in 
width and intensity when polymer is present due to increased viscosity and some SDES 




C HSQC and 

















H chemical shifts reflect changes in the electronic density near the 
hydrogen nucleus and are therefore useful for observing changes in the chemical 
environment around a molecule. In this section, chemical shift variations are discussed 
for the S7-15 SDES resonance and the L2 LA resonance in different environments as a 
function of SDES and SDES/LA mixture concentration.  
 
In the absence of polymer, an increase in 
1
H chemical shifts was observed at 
concentrations above 0.79 mM of SDES, which correlates with its reported CMC (Figure 
17, A ■). For surfactants, the observed chemical shift is normally a weighted average 
between bound/aggregated and non-bound molecules. The increase in chemical shift of 
the hydrocarbon tail protons upon micellization indicates a less crowded molecular 
environment in the micelle core. This is likely due to the exclusion of water molecules 
from the aggregate core, which will pack tightly around hydrocarbon moieties of non-
aggregated surfactant monomers in bulk water.[50] In the presence of LA (□), SDES 
shows a similar 
1
H chemical shift variation pattern but with slightly increased values, 
especially above the CMC. This reflects a change in molecular packing upon SDES-LA 
mixed micelle formation, and may be caused by an increase of C-C trans conformers in 
the SDES hydrocarbon tail when LA is present in the micelle. The formation of mixed 
micelles is confirmed by a significant increase in the LA L2 
1
H chemical shift above the 













H chemical shifts of SDES (S7-15) in D2O solution with (□) and without (■) 
LA, and 
1
H chemical shifts of the LA L2 resonance (■) in a SDES/LA D2O solution. 




























H chemical shift variations of SDES (S7-15) in 0.1 w. %  of polymer with 
() and without () LA. The chemical shifts are recorded in D2O at 300K. All solutions 

















Figure 18 shows 
1
H chemical shift variations of SDES (S7-15) in the presence of 
polymer, with () and without () LA.  
 
Three different stages of interactions are observed when SDES binds to the oppositely 
charged Jaguar polymer, represented by the three characteristic SDES concentrations S1 
(CAC), S1’, and S2 or CMC' (indicated by a prime due to the polymer present). At S1, or 
the Critical Aggregation Concentration (CAC), the surfactant starts binding to the 
polymer via electrostatic interaction, which is transformed into a more hydrophobic entity 
or complex. At S1’, the polymer is entirely neutralized by the surfactant, the complex 
becomes insoluble, and a precipitate is visually observed. Finally, at S2, or CMC’, 
surfactant micelles form and a one-phase system is observed. In Figure 18, SDES 
1
H 
chemical shift variations show the three stages of interaction; from S1 to S1’, SDES 
binds to the polymer, causing a slight increase in the 
1
H chemical shift. The gradual 
increase in chemical shift at this point indicates some degree of aggregation of SDES on 
the polymer chain. At S1’, precipitation takes place and the observed 
1
H signals therefore 
come from the SDES that remains in the supernatant. The observed decrease in chemical 
shift above S1’ is therefore due to an increased precipitation of polymer which causes 
aggregated SDES molecules to contribute more to the observed chemical shift. Beyond 
S2, the chemical shifts of the re-solubilized complex are measured, which change to 
higher values due to the formation of micelles. Figure 18 also shows chemical shift 
variations of systems where the SDES/LA mixture is added to the polymer (◊). When LA 
is present, the same three regions are observed: below S2, the SDES chemical shifts are 




higher chemical shift values compared to samples without LA, indicating the existence of 
LA/SDES mixed micelles with a slightly different molecular packing than the SDES 
micelle. This is discussed further in section 5.4.3 
 
In Figure 19, the chemical shift variations of the LA L2 resonance are shown as a 
function of SDES concentration with and without the presence of polymer (note that the 
SDES:LA molar ratio is 4 in all samples containing LA). In the polymer-free system (▲), 
the LA chemical shift values increased above SDES CMC, indicating LA solubilization 
into the SDES micelles. When the polymer is present (∆), an increase in chemical shift 
values is observed above S2 (CMC’ or re-solubilization onset), also due to mixed micelle 
formation. However, there are no chemical shift variations for the L2 resonance below 
the CMC. This indicates that there is no significant interaction between LA and the 






















H chemical shift variations of LA L2 protons in D2O in the presence of SDES 











Below CMC’, LA concentration is low enough for it to be mostly present in the bulk, 
with a marginal amount at the air/water interface. Other results from this study (see e.g. 
section 5.4.4) strongly suggest the formation of solid LA aggregates or nano-aggregates 
below CMC’. LA in solid aggregate form would not contribute to the observed LA 
resonance, which will represent the monomeric and micellized LA molecules present in 
the bulk. Dynamic light scattering (DLS) run on samples below CMC’ supports the 
existence of LA aggregates in the bulk (Figure 20). 
 
  
Figure 20 Average hydrodynamic diameter for all species in a sample containing 0.1% 
weight polymer and an SDES/LA mixture at a concentration below the S1’ onset. By 
intensity (left) and volume (right). 
 
5.4.2  T1 relaxation measurements   
 
NMR spin-lattice relaxation (T1) is frequently used to monitor dynamical properties of 
molecules in liquid solution due to the high sensitivity of the dipolar relaxation 
mechanism to molecular mobility. T1 relaxation is affected by fast molecular motions and 
hence reflects local motions of a molecule, rather than, for example, the motion of an 
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Therefore, in non-reactive multi-molecular systems, a decrease in T1 relaxation values for 
a molecule is normally associated with binding, adsorption, or proximity to another 
molecule which lowers its motional freedom. T1 relaxation was measured for SDES/LA 
mixtures at concentrations below and above the SDES CMC (keeping the SDES:LA 
molar ratio 4:1) with and without the polymer. 
 
Figure 21 (□) shows that the SDES hydrocarbon chain mobility decreases slightly above 
the CAC which is at ~0.097 mM of SDES. A decrease in mobility, in this case, means 
that SDES monomers are binding to the polymer. When precipitation occurs, the bound 
SDES are no longer present in the supernatant and, thus, do not contribute to the recorded 
NMR SDES resonance. Therefore, at S1’ (precipitation onset), the T1 relaxation values of 
SDES increase due to a shift in the equilibrium between free and bound SDES molecules 
towards the more mobile-free SDES. The precipitation onset was also observed at the 
same concentration (0.4mM of SDES) when measuring the chemical shift variations 
(section 5.4.1). At S2, SDES mobility and T1 relaxation values decrease as the SDES 
resonance is increasingly dominated by the re-solubilized polymer-bound and micellized 
SDES. This phenomenon was also observed by the increase in chemical shift in section 
4.4.1. 
 
As expected, due to the strong correlation between recorded T1 values and 
precipitation/re-solubilization, the T1 data for the polymer side chain (Psc) show the same 
trends as the SDES T1 data for the Polymer/SDES sample (Figure 22, ). However, 




order to get an acceptable fit to the inversion recovery decay curves for the 
Polymer/SDES/LA system (Figure 22, ●).  This means that, when LA is in the system, 
the polymer is present in two environments/states which give rise to significantly 
different mobility for the polymer side chain, and the exchange between these 
environments/states is sufficiently slow for both to be observed. The low-mobility 
component relaxes 0.1-0.2 seconds faster, and the high-mobility component relaxes as 
much as 0.7 seconds slower than the single component observed in the Polymer/SDES 
sample. One plausible explanation for the high- and low- mobility component is that the 
presence of LA aggregates in the bulk may induce polymer adsorption on LA aggregates 
which will show a different relaxation time compared to SDES-bound polymer. 
However, the additional relaxation component indicates polymer side chains with high 
motional freedom. In fact, the T1 relaxation time of about 1.5 seconds for the additional 
polymer component is more than twice as high as the value measured for polymer alone 
of 0.63 seconds. It is proposed that a change in polymer conformation occurs upon 
interaction with the LA aggregates, which increases the local mobility of some of the side 
chains. The PE adsorption to solid state LA was also discussed in the previous chapter 
and it was associated to the increased negative surface charge of LA aggregates in 
solution. 
 
Increased T1 relaxation values when LA is present (Figure 21, ■), suggests that SDES 
mobility is higher below the precipitation onset compared to the LA-free system. This 
may be related to the high mobility of the polymer relaxation component. Assuming this 




accessible adsorption sites for the SDES molecules hence, more mobile SDES is present 
in the system. Because the recorded T1 values are weighted average values of free and 
adsorbed SDES, the reduction in adsorption sites could shift the observed T1 value in the 
direction of the more mobile-free SDES. Self-diffusion data obtained from diffusion 
ordered spectroscopy (DOSY) experiments (Appendix A) confirmed that there are fewer 



























Figure 21 T1 as a function of SDES concentration for the S7-15 SDES resonance in the 





























Figure 22 T1 as a function of SDES concentration for the polymer side chain resonance in 




























Figure 23 T1 as a function of SDES concentration for the LA L2 resonance, in the 








Figure 23 shows the T1 relaxation of LA. In the absence of polymer, an inflection point is 
observed near the CMC of SDES due to LA incorporation/solubilization in the SDES 
micelles. In the presence of polymer (Figure 23, ▲), the LA signal intensity was too low 
for a reasonable evaluation of the T1 relaxation at concentrations below and at the CAC 
which made it more difficult to interpret the interaction pattern of LA close to 
precipitation. A slight decrease in mobility is observed below precipitation, however, the 
change in T1 relaxation below the re-solubilization onset for the LA L2 protons of about -
0.10 sec is by no means as pronounced as the +0.38 sec difference observed for the SDES 
S7-15 protons, again indicating that LA bulk monomers are not interacting with the 
polymer to a significant extent at these concentrations. A large decrease in T1 relaxation 
values above S2 (CMC’) is observed due to the restricted mobility of LA in SDES 
micelles.  
 
Results so far showed that SDES interacts with the polymer below S1. At this stage, LA 
forms aggregates in the nanometer range which may induce adsorption of some of the 
polymer to the LA aggregates. From S1’ to S2, precipitation of SDES-saturated polymer 
takes place. Above S2, SDES micelles are capable of solubilizing LA aggregates and 
with an excess of SDES/LA mixed micelles the system reverts to a one phase entity. 
 
To elucidate the molecular configuration of all species in the system, Nuclear Overhauser 
Effect Spectroscopy (NOESY) was performed. Moreover, the concentration of all 





5.4.3  Nuclear Overhauser Effect Spectroscopy (NOESY) 
 
The NOESY experiment is useful for determining which molecular segments are close to 
each other in space; protons (both of different molecules and within the same molecule) 
closer than about 5Å will result in an off-diagonal cross-peak in the two-dimensional 
NOESY spectrum. In this work, the NOESY experiment was used to investigate how the 
surfactant interacts with the polymer, the effect of LA in the system, and the structure of 
SDES aggregates on the polymer chain. Polymer-surfactant models have been proposed 
previously, all of which suggest the formation of a necklace-like structure when 
surfactant binds to the polymer, however, no specific details are known on the orientation 
of surfactant molecules on the polymer chain.  
 
Figures 24 and 25 respectively show NOESY spectra of the SDES/LA/polymer system at 
concentrations well above S2 and below S2. Above S2, the system is composed of a 
complex formed of SDES/LA and polymer which is re-solubilized by the excess of 
SDES/LA mixed micelles. Below S2, the presence of the anisotropic polyelectrolyte, as 
well as LA solid aggregates, resulted in some noise in the NOESY spectra; nevertheless, 






























Figure 25 NOESY spectrum of the SDES/LA in 0.1 w. % polymer in D2O below S2. 
Both spectra are recorded under similar experimental conditions and displayed with 







There are two important outcomes from these spectra; firstly, some of the polymer side 
chain is close in space to the SDES carbon chain at concentrations below and close to S2 
(cross-peak indicated by 2 in Figure 25). Furthermore, SDES aggregates are also 
observed close to S2; cross-peaks between the SDES head group and the CH3 protons 
(cross-peaks indicated by 1 in Figure 25) demonstrate that the SDES pack in an anti-
parallel conformation where adjacent molecules are aligned with the head groups in 
opposite directions. This indicates the formation of SDES pre-micellar aggregates in a 
lamellar-like structure on the polymer chain below CMC’. Such structures have been 
found previously in the insoluble complex of polyelectrolyte-surfactant systems using 
small angle x-ray diffraction (SAXS) ,[51] but evidence of such structures in the soluble 
bulk part of the system are scarce.  
 
At concentrations well above S2, there is no SDES carbon chain proximal to the polymer 
side chain and no SDES lamellar aggregates are observed. This is an indication of a 
change in SDES configuration at the polymer chain; from lamellar aggregates to 
micelles. These results suggest that from S2 the micelle is a more preferable environment 
than the polymer side chain for the SDES molecules, which may be the driving force for 
the re-solubilization process. It should be noted that no cross-peaks were expected 
between the Pcat resonance and any other molecular components due to fast bond-rotation 
about the H3C-N bonds. This resulted in T1 relaxation rates of more than 6 seconds, 
which makes it improbable that a sufficient NOE build-up can occur with the 0.5 sec 




Secondly, well above S2, there are cross-peaks between the second methylene of LA (L3) 
and SDES head group protons (methylenes near the ether groups) closest to the sulfate 
group, suggesting that LA is incorporated into the outer part of the SDES palisade layer 
(cross-peaks indicated by 1’ in Figure 24) where the L2 protons are sufficiently separated 
from the SDES protons to not give a cross-peak. None of these cross-peaks appear below 
S2, so, as concluded earlier, LA is not interacting to a significant extent with SDES 
below the CMC’. Furthermore, no cross-peaks are observed between any polymer 
resonances and the LA L2 resonance at any concentrations, further indicating that LA is 
solubilized by SDES micelles above the CMC’.  Figure 26 illustrates the structure of 
SDES/LA mixed micelles based on the NOESY spectrum.  
 
 






5.4.4 Concentration analysis  
 
Concentrations of SDES, LA, and polymer side chain at all stages of interaction could be 
determined by integrating the 
1
H resonances. For samples above S1’ (precipitation onset) 
and below S2 (one phase system), the resonances of the supernatant were analyzed. 
  
Figure 28 shows SDES and the polymer side chain concentrations at all stages of 
interactions. A value of 1.0 represents that the measured concentration of the supernatant 
is the same as the total concentration of that substance in the sample, and a value below 
1.0 means that some molecules have adsorbed/precipitated causing the supernatant 
concentration to be lower than the total concentration. As expected, below S1’, SDES (■) 
starts binding to the polymer, hence, its value is below 1.0. The increase of the values 
from 0.6 to 1.0 below S1’ is due to increase in the free surfactant in the dilute SDES 
concentration regime. The polymer supernatant concentration (●) is the same for samples 
below precipitation, which is expected as the polymer concentration is kept constant for 
all samples. Above S1’, both polymer and SDES concentrations decrease in the 
supernatant at a similar rate.  By looking at the depletion rate of free SDES and polymer 
side chain from the supernatant between S1’ and S2, we conclude that SDES/polymer 
complexes precipitate progressively and that less SDES is required for binding closer to 
S2 due to the proximity of the polymer to the saturation point. At S2, or CMC’, when the 
maximum precipitate amount is formed, Figure 28 shows that around half of the amount 
of SDES originally added to the sample is depleted from the supernatant and around 80% 




progressively and all components are back in to solution at ~25 mM of SDES which is 































Figure 27 Total SDES concentration versus the ratio [supernatant]:[total] for the three 

















Figure 28 Total SDES concentration versus the ratio [supernatant]:[total] for the three 











The effect of LA is shown in Figure 27. There are two important interferences from this 
plot below the precipitation onset S1’: i) the majority of LA does not contribute to the 
observed 
1
H resonance because it is aggregated into solid form and, ii) contrary to the 
LA-free system (Figure 27), a significant amount of polymer is not present in the bulk 
just before S1’. Despite the fact that a visual inspection does not reveal a precipitate at 
this stage, it is possible that in the presence of LA aggregates the precipitation onset S1’ 
may have occurred at a lower concentration in which polymer-surfactant nano-aggregates 
not detectable with a naked eye may have formed. Interestingly, turbidity measurements 
performed on the supernatant of these samples before, during and after S1’ revealed an 
increased value in turbidity just before S1’. Chemical shift variations and T1 relaxation 
measurements in systems containing LA aggregates, showed the presence of increased 
amounts of non-bound SDES before S1’ due to less available polymer to bind (also 
showed in figure 29); a smaller amount of polymer in the system will reach neutralization 
point at a lower concentration. The adsorption of almost neutral polymer to an LA-rich 
air/water interface near the precipitation onset will slightly deplete the bulk of polymer 
without any visible precipitation and is proposed as an alternative explanation. This is 
less likely due to the limited capacity of the air/water interface to host such a large 
amount of polymer. 
 
Between S1’ and S2, the SDES and polymer concentration decreases, showing the 
composition of the complex formed by the polyelectrolyte and SDES. LA concentrations 
below S2 do not take into account the solid state LA, but only the few detectable LA 




in the bulk from S1’ to S2. Since there are no cross-peaks (binding) between LA and 
SDES or the polymer below S2 (NOESY), it is hypothesized that, while polymer-
surfactant complexes precipitate, some LA monomers may migrate to the existing LA 
nanoaggregates in the bulk. 
 
Another interesting observation is that, in systems with LA, slightly increased amounts of 
SDES and polymer migrate to the complex compared to the LA-free system. At the 
maximum precipitation stage, the complex contained ~60% of SDES and almost 85% of 
polymer originally added to the system.  
 
Figure 29 shows a model for the mechanisms of interaction of the polyelectrolyte, SDES, 
and LA system as a function of SDES/LA concentration. This model takes into account 




















Figure 29 Schematic representation of the Jaguar polymer side chain between S1 and S3. 
The proximity between the SDES tail and polymer side-chain and the lamellar SDES 
structure is indicated, as well as the position of LA in the palisade layer of the SDES 
micelle. For a better visual effect, the polymer chains are amplified in this figure (see the 












5.5 Summary of results  
     
The systematic NMR study employed in this research elucidated the mechanism of 
interaction and some molecular configuration of the PE-S system in the presence of LA 
as co-surfactant; below the precipitation onset some of the polymer is progressively 
neutralized by the oppositely charged surfactant, which gradually forms lamellar 
aggregates on the polymer side chain, while some polymer is presumably adsorbed to the 
insoluble LA nanoaggregates present in the system. With increased amounts of SDES, 
when micelles form, LA transitions from solid-state aggregate to solubilized state 
forming mixed micelles with SDES. This fact confirms the presence of LA in the PE-S 
complex.  
 
The new findings from the NMR study presented in this chapter are not only useful to 
study the incorporation of FAs in PE-S complexes but could also have important practical 
implications in a vast number of colloidal formulations where water-soluble 
polyelectrolytes, surfactants, and fatty acids are present.  
 
The PE-S complex itself and the effect of LA on its composition and structure is the 







Chapter 6.   Composition and Structure 
of Polyelectrolyte-Surfactant Complexes 
in the Presence of Fatty Acids Revealed 
by Solid State NMR and Cryo-SEM 
 
Reproduced in part with permission from: [Totland, C.; Martinez-Santiago, J.; Ananthapadmanabhan, K. 
P.; Somasundaran, P. Composition and Structural Transitions of Polyelectrolyte-Surfactant Complexes in 
the Presence of Fatty Acid Studied by NMR and Cryo-SEM. Langmuir 2014, DOI: 10.1021/la504181a] 
Copyright 2014. American Chemical Society. 
 
 
6.1 Introduction  
 
PE-S complexes have been studied in the past using small angle X-ray scattering 
(SAXS), [52-55] these studies provided valuable mesoscopic-scale structural information 
where ordered lamella, hexagonal or cubic structures were shown to be present. Such 
structures are surfactant mesophases that are believed to be stabilized by the 
polyelectrolyte. The properties of such structures greatly depend on the nature of PE-S 
system. [53]   
 
For a more complete structural picture of the PE-S complex and beyond the ordered 
surfactant phases, a study of structural transitions is necessary. Furthermore, no previous 
studies focus on the effect of having a third component in the system. In this chapter, the 
use of NMR and cryo-scanning electron microscopy (SEM) to reveal the composition and 
structure of the complexes of system b is discussed. 
1
H Magic Angle Spinning (MAS) 
NMR is employed to study the complex molecular composition while cryo-SEM 




applied to PE-S precipitates, and it was found that this technique also was able to 
distinguish between the lamellar and hexagonal/cubic phases seen in SAXS studies. 
 
6.2 Materials and methods  
 
6.2.1 Materials  
The same materials used in Chapter 4 and 5 were used in this study. All solutions were 
prepared with deuterium oxide (D2O) of 99.8% purity from Cambridge Isotope 
Laboratories, Inc. The materials structures are shown in Figure 16 with the protons 
labelled according to the spectral assignments in Figure 15.    
 
6.2.2 Sample preparation 
 
0.1% weight polymer was dissolved in water with an overhead mixer, the pH was 
adjusted to 9 with 10% weight sodium hydroxide solution and, after mixing for 10 min, it 
was decreased to 6.5 with 35% citric acid solution. Four samples with different amounts 
of SDES at a fixed polymer concentration were then formulated by adding the surfactant 
to the polymer while mixing. The final concentration of SDES in the four samples was 
within the polymer-surfactant precipitation region (0.7 – 6.5 mM for 0.1% weight 
polymer). When LA was used, it was first mixed with the surfactant; the mixture was 
heated to 65 °C, stirred for 15 min, and cooled down to room temperature while stirring. 
The SDES/LA mixture, at a constant SDES:LA molar ratio of 4:1, was then added to the 






Samples containing precipitate were centrifuged twice at 18000 rpm in two minute 
intervals and the excess water was removed. Centrifugation beyond this did not result in 
any further water being separated from the complex. Precipitates were separated and 





NMR experiments were carried out on a Bruker 500 Ultrashield spectrometer operating at 
500 MHz for protons, equipped with a magic angle spinning (MAS) probe head for 4 mm 
sample rotors. The molecular compositions of the insoluble complexes were examined by 
comparing integrals of 
1
H resonances originating from either SDES, LA or the Polymer. 
For LA the L2 resonance was integrated, for the polymer the Psc resonance was integrated 
and for SDES the S7-15 resonance was integrated (see Figure 15 for description of peak 
labels, and Figure 30 for spectral assignment). In samples containing LA, the contribution 
of the L4-11 resonance on the overlapping S7-15 resonance can be calculated based on 
the L2 resonance integral. 
1
H spectra for the analysis of molecular compositions were 




Samples were attached to an EM stub and frozen by plunging into a liquid nitrogen slush. 
They were transferred under vacuum into a Quorum cryostation attached to  an FEI 




100°C for 10-15 minutes then recooled to -180 °C. They were then sputter coated with Pt 
in an Argon environment (10 mA for 60s) to make them conductive. Samples were 
transferred from the workstation to the cryostage in the microscope and held at -173°C. 
Imaging was performed using a 1 kV landing energy and 100 pA current. 
 
6.3 Results and discussion  
 
The composition of the complexes based on molecular ratios between surfactant, 
polyelectrolyte and lauric acid, and how these ratios change with surfactant/lauric acid 
concentration is discussed in section 6.3.1. The structure of the complex evaluated by 
cryo-SEM is discussed in section 6.3.2. The main results are outlined in concluding 
remarks in section 6.4. 
 
6.3.1 Composition of the insoluble complexes 
 
The molecular compositions of the insoluble polymer-SDES and polymer-SDES-LA 
complexes were determined by analysing resonance integrals from 
1
H MAS NMR 
spectra. 
1
H MAS spectra are displayed in Figure 30 for both the bulk solution and the 
insoluble complexes of samples where LA is present. The calculated mole ratios of 
SDES, LA and polymer side-chain in the complexes are plotted in Figure 31 versus 
SDES concentration, both for the SDES-polymer complexes and the SDES-LA-polymer 











                 
Figure 30 Right; 
1
H NMR spectra of the bulk solutions, with spectral assignment shown 
in the top spectrum (see Figure 16 for description of peak labels). Left; 
1
H MAS NMR 
spectra of the corresponding precipitates recorded at 6 kHz MAS spinning rate using 
15000 accumulated scans. The intensities of the spectra are set by keeping the water 
proton resonance intensity similar in all spectra; hence, variation in signal intensities 
reflect variation in H2O:(SDES/polymer/LA) mole ratios. SDES and LA bulk 
concentrations are indicated in the figure. The polymer bulk concentration is constant at 




























Figure 31 SDES:polymer side-chain (■), LA:polymer side-chain (▲), 
(SDES+LA):polymer side-chain (●) ratios of the insoluble complexes formed in the 
SDES/LA/polymer samples at different SDES concentrations. Also included are the 
SDES:polymer side-chain () ratios of the insoluble complexes formed in the 















































Figures 30 and 31 show that no measurable amount of LA is present in the precipitate 
below the point where SDES micelles are formed in the bulk solution (CMC’ – the prime 
indicates that this CMC occurs at a higher concentration due to SDES bound to the 
polymer). At a concentration just above CMC’ (1.56 mM SDES), some LA is 
incorporated into the precipitate with a SDES:LA mole ratio of about 5:1. At the two 
higher SDES bulk concentrations measured (3.13 and 6.25 mM) the SDES:LA mole 
ratios are 2:1. However, it should be noted that the L2 resonance (resonance used for 
determination of LA amounts, see Figure 16 for denotation) for a similar or higher 
SDES:LA ratio below CMC’ may not be observable in these spectra due to the very high 
water to SDES ratio, and consequently poor signal to noise ratio for L2. Nevertheless, it 
is apparent that LA has a lower affinity for possible SDES pre-micellar aggregates 
formed on the polymer below CMC’, where the SDES:LA ratio is 5:1 at most, as 
opposed to 2:1 above CMC’. Results presented in Chapter 5, suggested that lamellar-like 
SDES structures formed below CMC’, while SDES/LA mixed micelles formed above 
CMC’. 
 
The mole ratio of SDES to polymer side-chain is similar without (Figure 31, )  and 
with LA (Figure 31, ■), except at the highest concentration of SDES where the 
SDES:polymer ratio is 20% higher in the absence of LA. This is proposed to be due to 
the SDES/LA mixed micelles dominating the system, which means that LA replaces 





The amounts of water contained in the insoluble complexes clearly demonstrate the 
differences in properties of the complex below and above CMC’ (Figure 32); below 
CMC’ the complex is capable of holding about 10 times more water than just above 
CMC’. Part of the explanation for the large water content below CMC’ is at a 
macroscopic level, where the amount of water reflects the size of the compartments 
where the majority of the water is held. This is discussed further in the next section.  
 
Above CMC’ the complexes hold more water without LA compared to when LA is 
present. The ability of the complex with LA to hold water is reduced progressively 
compared to the LA free system as the SDES concentration increases. In fact, at 1.56 mM 
bulk SDES (CMC’) the complexes with and without LA hold approximately the same 
amount of water, while at 6.25 mM bulk SDES the system without LA holds 85% more 
water than the system with LA (Figure 32). This indicates that the presence of LA in 
SDES/LA mixed micelles prevents some parts of the polymer in obtaining structures 
capable of holding significant amounts of water. These results will be put in context with 
the data presented in the next section on the macroscopic structure of the complex. 
 
6.3.2 The complex macroscopic structure observed using Cryo-SEM 
 
Figure 33 shows cryo-SEM images of complexes below (A1-4) and above (B1-4) CMC’ 
with different scaling. With the exception of the LA containing sample above CMC’ 
(B3+4), the images show a network of fibres presumably corresponding to the 








Figure 33 Cryo-SEM images at two different scales of the complexes below (A) and 





Below CMC’ both samples have networks of fibres (A2+4); however, the pattern of the 
fibrous network seems more random in the LA containing sample (A4). Furthermore, the 
widths of the fibres are more uniform in the absence of LA at about 0.7-0.8 μm (A2). 
Thus, the SEM images suggest that LA may also affect the complex below CMC’. 
 
As seen in Figure 33 A4 and B4, the surface of the LA containing complex transitions 
from a stringy network of fibres below CMC’ (A4) to a smooth surface with randomly 
placed round pockets about 0.1–2μm in size above CMC’ (B4). This indicates that 
inclusion of LA into the SDES aggregates leads to formation of lamellar SDES layers 
stabilized by the polyelectrolyte. Conversely, the network of fibres seen in the absence of 
LA (B2) suggests SDES rods or spheres interacting with the polyelectrolyte. Above 
CMC’, this may also contribute to the higher water content of the complexes without LA 
observed with NMR, despite the presence of occasional large water filled pockets in the 




In this study we have shown that the molecular composition and properties of an 
insoluble polyelectrolyte-surfactant complex changes significantly with surfactant 
concentration and with the presence of lauric acid. Below CMC’ the insoluble complex 
contains about 10 times more water than just above CMC’, regardless of the presence of 
lauric acid. Above CMC’, lauric acid progressively reduces the ability of the complex to 
hold water as the surfactant concentration is increased compared to the system without 




containing samples above CMC’, which is indicated by cryo-SEM images. Conversely, 
the complexes without LA form a stringy network of polyelectrolyte-SDES fibres with 

























Chapter 7.   Mathematical Model to 
Describe the Surface Tension of PE-S 




7.1 Introduction  
Various mathematical models to predict polymer-surfactant phase behavior were 
developed in recent years [7]. Thermodynamic models were used by breaking down the 
surfactant self-association process in the presence of polymers into steps and by assigning 
a free energy contribution to each step. Thermodynamic models were developed for 
neutral polymers and excluded PEs. Other models were based in the mean-field lattice 
theory where the interaction between surfactant micelles and the surrounding polymer 
solution is considered using a spherically symmetric lattice which makes it possible to 
obtain radial distributions functions for all the components from the center of the micelle. 
The mean field model takes into account the polymer conformation and can be applied to 
polymers bearing a charge. For neutral polymers the interaction between species are 
described by Flory-Huggins interaction parameters and for PEs the potential mean force 
is taken into account. The potential mean force which only depends on the radial distance 
can be then related to charge density through the Poisson’s equation.  
 
The objective of the work discussed in this section is to find a model that could be 
extended or modified to take into account the effects of FAs (or a third component) on 




that described some of the processes elucidated experimentally in this research, such as 
surface tension curves. A model developed by Bell et. al (2010) [56] based on the law of 
mass action, quantifies the competition between polymer-surfactant (P-S) micelle 
aggregations vs. free surfactant micelle formation. Taking into account the Langmuir 
Isotherm and the Gibbs adsorption equation, the authors were able to describe the surface 
tension profile for weakly and strongly interacting P-S systems. Weakly interacting 
systems include neutral polymers and strongly interacting systems typically corresponds 
to an oppositely charged polyelectrolyte-surfactant (PE-S) pair where electrostatic forces 
drive the interaction. In Bell’s studies, it is assumed that all weakly interacting system’s 
surface tension profile is similar to the one shown in Figure 1 (a plateau in surface 
tension is observed between the CAC and the polymer saturation point) while strongly 
interacting systems show the existence of a hump or peak between CAC and CMC’. 
Certainly, experimental data for certain PE-S pairs showed such peak in the surface 
tension curve but, many other PE-S pairs found in the literature including the one studied 
in this research show a surface tension profile with a plateau between CAC and CMC’. 
To describe the surface tension of the PE-S system in this study we follow the model 
developed by Bell for weakly interacting systems which is described in detail in the next 
section.   
 
7.2 The law of mass action, the Gibbs equation and the Langmuir Isotherm to 
describe the surface tension of P-S Systems 
 
To formulate the model, Bell used the assumptions by Taylor et al. [57, 58] in which the 




systems, Taylor rationalized the peak in the surface tension profile with the existence of 
PE-S complexes adsorbed at the air/water interface. Because we did not observe such 
peak in our system and for simplification, we assumed that PE-S complexes only exist in 
the bulk above CAC and only surfactant accumulates at the air/water interface.   
 
The model uses the law of mass action to quantitatively evaluate the competition between 
the formation of PE-S micellar aggregates and free micelles. This was done before Bell’s 
model, but he was the first to use the Gibbs equation and the Langmuir Isotherm to 
express the surface tension changes as the bulk concentration of surfactant and polymer 
were changed. As Bell mentions in his studies, the main uncertainty of this model is that 
the reaction constants must be estimated to fit the experimental data. Attempts to estimate 
such reaction constants were made in the past by Nagarajan [59], Ruckenstein et. al. [60, 
61] and Nikas and Blankstein [62] but in all cases they assumed neutral polymers, not 
charged polyelectrolytes. Other assumptions and limitations of the model are explained in 




The surface tension is related to the concentrations of species in the bulk and at the 
surface through the Gibbs adsorption equation which is given by 
 






where γ is the surface tension, Γi is the surface excess concentration of solute i, Ci 
represents the concentration of solute i in the bulk evaluated just below the surface, R is 
the universal gas constant, and T is the absolute temperature.  
If we can relate the surface excess concentrations to the bulk concentrations, then it is 
straightforward to determine the surface tension. If the surface is in thermodynamic 
equilibrium with the subsurface layer, then the most widely used model for single species 




where kC is a constant measuring the ability to adsorb and Γ∞ is the maximum surface 
concentration of this solute that can occur.  
For many species competing in solution to adsorb and if each species excludes the same 




Substituting Γi from eq 4, into eq 2, we obtain the following expression: 
Γ𝑖 = 𝛤∞
𝑘𝑐𝑗𝐶𝑖

















where γ0 is the surface tension of the solution in the absence of all solutes and Γ∞ is the 
single maximum surface excess concentration.  
Law of mass action model: 
Micelle formation: Micelles formed in solution generally have a reasonably 
homogeneous structure and we shall assume that the micelles are all monodispersed with 
the same aggregation number; N. The formation of micelles is formulated as a single-step 
reaction of the form  
k+0 
                                       NS   SN                                       (7) 
k-0 
 
𝑑𝛾 = −𝑅𝑇 ∑ Γ∞
𝑘𝑐𝑗𝐶𝑖
1 + ∑ 𝑘𝑐𝑗𝐶𝑗 𝑗
𝑑(𝑙𝑜𝑔𝐶𝑖) 






P-S aggregates formation: As seen in the experimental work, Bell assumes that the 
aggregates take the form of surfactant micelles attached to the polymer chains, in a sort of 
necklace formation. These micelles have a lower aggregation number, M, and for 
simplification, it is assumed that the same number, n, attach to each polymer chain. The 
concentration of free and aggregated polymer molecules is denoted by Pf and PSM, 
respectively. The formation of PE-S aggregates is also assumed as a single-step reaction. 
As seen from our NMR work this assumption is not totally accurate, PE-S aggregates 
form progressively and not in one step reaction. The consequences of this assumption 
will be seen in the poor fitting of the model to experimental data before CAC.  
           k+1 
                                    Pf + nMS  PsM                              (8) 
           k-1 
 
for some reaction constants, k+1 and k-1.  
If the “law of mass action” is invoked, it can be implied that the rate, jSN, at which 










and similarly the rate, jPSM, at which polymer and surfactant combine to form aggregates 
is  
(10) 




where K0 = k+0/k-0 and K1 = k+1/k-1.  




Now the four equations for the four unknowns, S, SN, Pf, and PSM can be solved. Solving 




= 𝑘+1 𝑃𝑓 𝑆







𝑆𝑡 = 𝑆 + 𝑁𝑆𝑁 + 𝑛𝑀𝑃𝑆𝑀  
𝑃𝑡 = 𝑃𝑓 + 𝑃𝑆𝑀  



























Pf, PSM, and SN can be written as:  






𝑛𝑀                                  (19) 
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As mentioned early, only surfactants accumulate at the air-water interface, so the 
Szyszkowki equation can be written as: 
 
(22)  



























Using equations: 18 and 22. the surface tension versus total surfactant concentration can 
be plotted for any particular case. 
Figure 35 shows Bell’s results using the following parameters that fitted the experimental 
data for a weakly interacting system: N = 75, M = 20, n = 8, CMC = 12mM, CAC = 




, γ0 = 72.8 mN m
-1




























































7.3 Parameter estimation and justification for the Jaguar-SDES system 
 
1. N (Aggregation number of free surfactant micelles) 
 
 
Aggregation numbers for SDS and SDES micelles were previously estimated both 
experimentally and theoretically. [63-65] Most of studies coincide in values similar to the 
one used by Bell et. al in his model. Based on the reviewed studies, it is reasonable to use 
75 as the aggregation number for SDES in the absence of PE.  
 
2. M (Aggregation number of polymer-bound micelles) 
 
Small Angle Neutron Scattering (SANS) have been employed to determine the 
aggregation numbers of different surfactant micelles bound to polymers. [66] All studies 
reviewed agreed with the fact that the aggregation number of polymer-bound micelles 
(M) is smaller than the aggregation number of free micelles (N). Couderc-Azouani et. al 
found that the aggregation number of polycation-bound SDS micelles was reduced from 
75 to 28. Interestingly, Nagarajan et. al [67] found similar results for M, using 
calculations that took into account the geometry of the surfactant and the interaction 
between the polymer segments and the micelles. For SDS polymer-bound polymer he 
estimated a value of 29. Due to the similarity of SDS and SDES (mostly 1EO), it is 







3. n (number of micelles bound to each polymer chain) 
 
To estimate the value of n for the guar-SDES system, the dynamic light scattering (DLS) 
data presented in chapter 4 was examined. With DLS, the size distribution of free 
polymer and SDES bound polymer aggregates could be estimated. Free polymer particles 
ranged between 20 and 27 nm and the polymer-surfactant aggregates were ~150 nm. It is 
known that micelles modify the conformation of the polymer from coiled to a more 
extended conformation therefore it reasonable to assume that the increase in polymer 
particles size is both due to both SDES micelles attached to the polymer and the addition 
volume gained upon chain extension. Chain extension is difficult to predict, but if we 
assume that the volume gained due to the polymer extension and the volume of attached 
micelles is the same, we obtain a number of micelles close to 8.  
 
4. CMC and CAC 
 
Both CMC and CAC could be estimated by looking at the experimental results. The CAC 
is typically associated with the first change in slope of the surface tension curve. And, the 
CMC is reached when the surface tension is constant at a minimum and its value is 








5. Γ∞ (Maximum surface concentration of this solute that can occur) 
 




 . We use the same value 
for SDES in our model. 
 
6. Ks (Langmuir equilibrium constant) 
 
The Langmuir equilibrium constant is estimated so that the surface tension curve fits the 
experimental data. The value of Ks varies depending on the ability of the surface active 
species to be adsorbed. When changing Ks, the curve shape does not change, only the 
























Figure 36 Surface tension profile for the Jaguar-SDES system. Parameters: N = 75, M = 




, γ0 = 72.8 mN m
-1
 




. The polymer concentration was 0.0055 mM corresponding to 0.1 




































As seen in Figure 36, the model is used to successfully describe the surface tension 
profile of the Jaguar-SDES system and showed a plateau between CAC and the polymer 
saturation point. Below is the step by step process on how the model plots the surface 
tension as a function of St. St is calculated by giving values of S within the range on 
concentration where CAC and CMC’ is observed.  
1. When the value of St  is similar to SCAC, micelles start to form complexes with the 
polymer, how much S is needed to form complexes depends on how large the 
nMPb is.   
2. For SCAC  < St <  SCAC + nMPt, S is similar to SCAC, so added S unimers prefer to 
interact with the polymer to form a complex, hence the plateau observed.  
3. When St is equal to SCAC + nMPt the polymer saturation takes place and S 
increases until St is equal to SCMC. 
4. Looking at equation 22, we can see that the surface tension decreases only when S 
increases. Hence the plateau observed between SCAC and the polymer saturation 
point SCAC + nMPt 
7.4 Extension of the model to include a third component 
 
An interesting feature observed in the surface tension profile of the Jaguar-SDES system 
is that a plateau in the surface tension curve was never reached between CAC and the 
polymer saturation point in the presence of LA (system b - Figure 5). NMR results 
showed that some polymer binds to FA aggregates below CMC which allows a higher 
concentration of free surfactant unimers to be present in the bulk; therefore, it is 




at concentration above CAC and below CMC. Assuming that only surfactant unimers 
adsorb at the air/water interface, Bell’s model can be modified by considering the 
formation of FA-P aggregates in the bulk. The modified model will allow monitoring S 
concentration with less Pf to bind and thus evaluate the consequences on surface tension. 
 
By analogy we can use the calculations used by Bell in which a third component is 
introduced into the system; Bell took into account the PE-S complexes adsorbed at the air 
water interface for the strongly interacting systems.  
For the system including the FA-P aggregate, (Py) will be used for its designation, Y 
indicates FA aggregates composed of x number of monomers.  
In addition to equations (11) and (12), the following expressions for Py can be written, 
considering that the formation of Py also takes place in a single step reaction of the form: 
 
                k+2 
 Pf + xY   Py                                                                 (23) 
               k-2 
where K2 = k+2/k-2  
















If only S (surfactant monomers) accumulate at the air/water interface, we can now plot, as 
done previously, St as function of surface tension. Figure 37 shows the surface tension 
profile for the Jaguar-SDES system considering the presence of FA-P aggregates and 














































































It is evident that the modified mathematical model describes well the continuous 
accumulation of S surfactant monomers at the air/water interface in the presence of FA-P 
aggregates below CMC. As in the experimental surface tension curves, no plateau 
between CAC and the precipitation onset is observed. Above CMC having a S-FA mixed 
micelle don’t have any effect on surface tension compared to the FA-free system because 




Macroscopic models, as the one used in this chapter, focus on the evolution of average 
quantities which offer a better understanding of systems at larger scales.  These are some 
of the general assumptions considered when formulating this model:  
 
1. To determine the concentration of all species, it is assumed that the aggregates in 
the bulk are formed in a single step reaction.  
 
2. All aggregates are mono-dispersed and if there is adsorption at the surface, all 
exclude the same area.  
 
3. It also assumed that the bulk phases are in thermodynamic equilibrium. i.e a 
static model. 
 
Due to the first assumption, the model does not fit well the experimental data below CAC 




real systems not all aggregates are mono-dispersed and the fact that all species exclude 
the same area at the surface is also inconsistent. Suggestions for future research in 
Chapter 9, address some of these points.  
 
The simplicity of the model translate into its limitations, nonetheless, the model describes 
well the surface tension profile of PE-S systems and, we were able to modify it to take 
into account the effect of P-FA aggregates formed in the bulk. The results are consistent 
with the experimental surface tension curve in the presence of FA. The model expresses 
in mathematical form the hypothesis of competitive interactions of polymer, surfactant 





























Chapter 8.   Summary and Conclusions 
 
 
A systematic study of the mechanisms of interaction between an oppositely charged 
polyelectrolyte-surfactant pair and FAs was carried out considering two scenarios: (a) 
system with FA at a concentration above the solubilization limit of the surfactant and, (b) 
system with FA at a concentration below the solubilization limit of the surfactant. As 
hypothesized, the solubilization of the FA determined the overall phase behavior of the 
system.  
 
In scenario (a), surface tension, zeta potential and dynamic light scattering suggest that 
the polyelectrolyte preferentially binds to the fatty acids aggregates which prevent the 
formation of a PE-S complex. Zeta potential results showed that the preferential 
adsorption was driven by electrostatic forces. The preferential adsorption of the polymer 
to various saturated FAs was also inferred in emulsions which prevented the polymer to 
act as a flocculant, and consequently, flocs of considerably smaller size were developed 
upon emulsion dilution.  
 
In Scenario (b), NMR showed in detail the molecular configurations and interactions of 
PE-S systems in the presence of LA as a co-surfactant. Below the precipitation onset 
some of the polymer was neutralized by the oppositely charged surfactant, which forms 
lamellar aggregates at the polymer side chain, while some polymer is presumably 
adsorbed onto the insoluble LA nano-aggregates present in the system. With increased 




solubilized state forming mixed micelles with SDES. This fact confirms the presence of 
LA in the PE-S complex.  
 
For the first time, the effect of a third component (FAs) on the actual PE-S complex 
composition and structure was studied using solid state NMR. Below CMC’ the insoluble 
complex contains about 10 times more water than just above CMC’, regardless of the 
presence of FA. Above CMC’, lauric acid reduces the ability of the complex to hold 
water as the surfactant concentration is increased compared to the system without lauric 
acid, indicating a more folded hydrophobic character of the complex due to the flat 
lamellar organization observed with Cryo-SEM that allows less water in the complex. 
 
The modification of an existent model to describe the surface tension profile of 
oppositely charged PE-S pairs in the presence of a third component was carried out. The 
model is based on a sound theoretical framework and can be used to quantitatively 
analyze and compare different PE-S systems. The modified model described well the 
effect of FA on the surface tension profile of the ternary system where surface tension 
decreases between CAC and the polymer saturation point. In the FA-free system a 
plateau was observed demonstrating how the surfactant did not accumulate at the air-
water interface while binding to the polymer. It was concluded that PE-FA aggregation in 
the bulk allowed surfactant to accumulate at the air/water interface and decrease the ST 
from CAC to CMC. The model expressed in mathematical form the competitive 





The new findings presented in this dissertation provide detailed information on the phase 
behavior of PE-S system in a more realistic environment where other species are present. 
The results have important practical implications in a vast number of colloidal 
formulations where water-soluble PEs, surfactants, and FAs exist. The experimental 
procedures can be easily applied to study the effect of other third components. Cleary, the 
potential of NMR to evaluate complex systems is seen in this work.  
 
This research should aid in understanding the mechanisms of interaction of numerous 
biological and synthetic complex systems in which macromolecules, surfactants and fatty 





















The present thesis exclusively focused on the effects of FAs on the phase behavior of PEs 
systems. These are some suggestions for future research: 
 
 The effect of pH and temperature: changes in temperature and pH would 
significantly impact the mechanisms of interaction and the phase behavior of the 
polymer-surfactant-fatty acid ternary system 
Temperature: Fatty acid’s phase behavior is dependent on temperature; the 
melting point of lauric acid is 43.2 °C. Above the melting point fatty acids exist in 
liquid form (not solid). In this research, all experiments were conducted below the 
melting point; therefore further research is needed to elucidate the mechanisms on 
interaction above the lauric acid melting point.  
pH: With regards to pH, fatty acids ionize and are soluble in aqueous solution 
well above their pKa. In surfactant solutions, ionization of fatty acids mostly 
depends on the surfactant solubilization ability (limit), which may be also affected 
by pH. In this work, the pH of the polymer-surfactant-fatty acid solutions and 
emulsions were unmodified and varied slightly from 6.3 to 6.5 depending on the 
amount of fatty acid present in the system. It might be interesting to study the 
mechanisms of interaction and phase behavior of the ternary system at a pH 
where the fatty acid is ionized and simply acts as a co-surfactant. The preferential 




Studying the system at high pH might not be useful from an applications point of 
view where colloidal formulations are usually kept close to neutral pH but it 
would aid in the fundamental understanding of the mechanisms of interaction. 
 
 The order of addition is a very important aspect to take into consideration when 
studying polymer-surfactant systems. All studies in literature seem to follow a 
conventional procedure which involves adding the surfactant to the polymer 
solution. This is both practical and convenient; most of polymers are supplied in 
solid form and need to be solubilized in a particular solvent to formulate the 
desired colloidal formulation. The order of addition becomes an important factor 
when considering the fatty acid. In all experiments in this research, the surfactant 
and fatty acid were added as a mixture to the polymer. It could be interesting to 
study the effects of adding the surfactant and then the fatty acid or vice versa to 
the polymer solution. Changes in the mechanism of interaction (preferential 
binding) and phase behavior are most likely to be observed.  
 
 Neutron scattering could be employed to characterized the air/water interface and 
provide more detailed information of the effect of FA at the air/water interface. 
 
  A more complete model could be developed by finding a thermodynamically 
consistent isotherm that can take into account various excluding areas of the 
different species at the surface. Also, even though the parameters in the model are 




This process would involve finding the contributions to the free energy of the 
different steps involved in the PE-S phase behavior. It would be also interesting to 
predict the surface charge of the complex at every stage of interaction using the 
model proposed.  
 
 Polymer-induced flocculation is an interesting topic that could be further explored 
as the impact of fatty acids on this process is very important for emulsions. A 
predictive flocculation model for flocculation that takes into account the effect of 
fatty acids or other additional components is necessary. V. Runkana [68] 
proposed a mathematical model for flocculation based on population balance 
equations that took into account the surface and colloid chemistry of the 
suspension. His population balance model incorporated fundamental theories of 
surface forces involved in flocculation and importantly in fragmentation. Runkana 
calculated the collision efficiency as a function of total interaction energy 
between particles, which was estimated using the classical DLVO theory. He also 
took into account the irregular and open structure of flocs by estimating the 
collision frequency factor as a function of mass fractal dimension and 
permeability of aggregates. Adsorption models for polymers that take into 
account the polymer conformation were added to the model. It seems reasonable 
to select this model and extend it so it can predict the effects of an additional 
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